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Abstract 
During the past century, the Middle and Late Pleistocene glaciation history in northern Germa-
ny has mostly been reconstructed on the basis of geomorphological and lithostratigraphical 
approaches, pointing to three major ice advances during the Elsterian, Saalian and Weich-
selian. However, the exact chronology of these ice advances remained unclear due to the ab-
sence of numerical dating methods covering the relevant geological time span. The overall aim 
of this thesis is to establish a reliable high-resolution geochronological framework for the Mid-
dle and Late Pleistocene deposits of northern Germany by means of luminescence dating tech-
niques. Luminescence dating provides the age of the last bleaching and thus depositional event 
of the dated feldspar and quartz minerals. The study areas are located in the Münsterland Em-
bayment and the Leine and Weser valleys, representing fluvial and ice-marginal depositional 
systems which were previously situated within, close to and even beyond the former ice-
margins, and/or large proglacial lakes. Luminescence dating of sediments derived from these 
depositional environments is considered to be challenging because the natural luminescence 
signal may have been insufficiently reset (bleached) prior to deposition, leading to a possible 
age overestimation.  
Methodological results show that using a pulsed infrared stimulated luminescence (IRSL) 
protocol with infrared (IR) stimulation at 50°C (IR50) gave reliable and robust feldspar ages, 
which did not necessarily need fading correction. An age agreement of IR50 and quartz ages 
pointed to good bleaching conditions prior to deposition and led to the assumption that the 
effect of age overestimation due to insufficient bleaching is likely to be very small. In case of 
supporting independent age control (e.g. uranium-thorium ages) of sediments from the exact 
same sedimentary succession, the applied dating method(s) can be considered reliable and ac-
curate. From a geochronological point of view, the determined luminescence ages obtained 
from the Senne area of the Münsterland Embayment were able to reconstruct small-scale cli-
mate variations. Yet, luminescence dating techniques were not precise enough to resolve 
smaller-scaled (millennial-scale) variations. For the first time, at least two separate ice advanc-
es could be proved for the Elsterian glaciation, correlating with Marine Isotope Stages (MIS) 
12 and MIS 10, and two separate ice advances were identified for the Saalian glaciation during 
MIS 8 and MIS 6. One of the main findings is the reconstruction of a possible MIS 8 ice ad-
vance which has not yet been numerically dated in northern Germany.  
 
 
Keywords: Luminescence dating, Middle and Late Pleistocene, northern Germany 
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Zusammenfassung 
Die pleistozäne Vereisungsgeschichte Norddeutschlands mit ihren drei großen Eisvorstöße 
während der Elster-, Saale- und Weichsel-Kaltzeiten wurde im vergangenen Jahrhundert 
hauptsächlich auf Basis geomorphologischer und lithostratigraphischer Untersuchungen rekon-
struiert. Dabei blieb bisher allerdings die zeitliche Einordnung dieser Eisvorstöße aufgrund 
mangelnder, zeitlich entsprechend weit zurückreichender Datierungstechniken ungenau. Das 
Ziel dieser Studie ist daher, die Erstellung eines verlässlichen hoch auflösenden geochronolo-
gischen Rahmens mittel- und jungpleistozäner Ablagerungen in Norddeutschland auf Basis der 
numerischen Datierungsmethode der Lumineszenz. Diese liefert als Ergebnis das letzte Belich-
tungs- und damit Ablagerungsalter der datierten Feldspat- und Quarz-Minerale. Die Untersu-
chungsgebiete befinden sich in der Münsterländer Bucht sowie im Leine- und Wesertal und 
damit im Bereich fluviatiler Systeme sowie ehemaliger mittelpleistozäner Eisränder und/oder 
großer Eisstauseen. Die Lumineszenzdatierung der Sedimente dieser Ablagerungssysteme ist 
insofern herausfordernd, da das natürliche Lumineszenzsignal vor der letzten Ablagerung mög-
licherweise nicht gänzlich vom Sonnenlicht zurückgesetzt (gebleicht) worden ist, so dass eine 
Altersüberbestimmung wahrscheinlich sein kann.  
Die methodischen Ergebnisse zeigen, dass mit Hilfe eines gepulsten, Infrarot-stimulierten 
Lumineszenz (IRSL)-Messprotokolls und einem gepulsten, bei 50°C gemessene IRSL-Signal 
(IR50) verlässliche und robuste Feldspat-Alter erzielt werden können, die z.T. nicht einmal 
mehr einer fading-Korrektur bedürfen. Die Altersübereinstimmung beim Vergleich von IR50- 
und Quarz-Altern zeigt zudem, dass eine Altersüberbestimmung basierend auf unzureichender 
Bleichung nicht wahrscheinlich ist. Liegt zusätzlich eine unabhängige Alterskontrolle (z.B. 
Uran-Thorium-Alter) von Sedimenten aus demselben Ablagerungssystem vor, die das chrono-
logische Ergebnis unterstützt, so spiegelt dies die gute Verlässlichkeit und hohe Präzision der 
angewandten Datierungsmethode(n) wider. Aus geochronologischer Sicht zeigen die generier-
ten Lumineszenzalter der Senne-Ablagerungen (Münsterländer Bucht), dass kleinmaßstäbliche 
Klimaschwankungen sehr wohl rekonstruiert werden können, wenn auch die Datierungsgrenze 
in diesem Fall im Bereich von wenigen 1000 a zu finden ist. Für die Elster-Kaltzeit konnten 
erstmals mindestens zwei separate Eisvorstöße während der Marinen Isotopenstadien (MIS) 12 
und MIS 10 und für die Saale-Kaltzeit ebenfalls zwei Vergletscherungsphasen während MIS 8 
und MIS 6 nachgewiesen werden. Eine wesentliche Erkenntnis ist hierbei der mögliche Nach-
weis des MIS 8-Eisvorstoßes, der so bislang in Norddeutschland noch nicht numerisch datiert 
wurde.  
Schlagworte: Lumineszenzdatierung, Mittel- und Jungpleistozän, Norddeutschland 
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The Pleistocene of northern Central Europe was characterised by several major glacial phases 
which all had a profound impact on the overall landscape evolution. Yet, the reconstruction of 
the Middle and Late Pleistocene glaciations by defining the exact number, extent and chronol-
ogy of these glacial phases has long been discussed on the basis of geomorphology and 
lithostratigraphy. Sedimentological studies of sedimentary successions within, close to and 
even beyond the former ice-margins were conscientiously carried out and provided useful in-
sights into the depositional environments. However, the reason for the great variety of different 
depositional models is very simple: the greatest challenge has always been to provide a reliable 
and robust chronology by using appropriate dating methods. Relative dating methods such as 
palaeomagnetism, palynology or tephrochonology may cover the corresponding geological 
time span, but these methods simply determine the relative order of past depositional events. 
For instance, radiocarbon (14C) dating, as part of the numerical dating methods, gives an abso-
lute age, but only reaches back to about 50 ka and requires organic matter, which may not al-
ways be available within the studied sedimentary successions. Luminescence dating methods, 
however, make use of omnipresent feldspar and quartz minerals of aeolian, waterlain (lacus-
trine, fluvial, alluvial) or glacigenic (glacifluvial, glacilacustrine) sediments and allow for the 
direct determination of the last depositional event. Final ages cover an age range from a few 
years to several hundred thousand years (e.g., Yoshida et al., 2000; Preusser et al., 2008), 
reaching back to the Middle Pleistocene and thus being the ideal numerical dating technique 
for the sediments under investigation of this thesis. 
The greatest challenge in luminescence dating is assigned to the effect of insufficient 
bleaching of the dated minerals. This effect occurs when the sampled sediment was exposed to 
insufficient and inadequate light during transport, leading to an incomplete resetting (bleach-
ing) of the luminescence signal and thus to an age overestimation. As the degree of bleaching 
depends on the depositional environment, it is considered a particular challenge for sediments 
derived from a glacigenic and/or waterlain depositional environment because light exposure 
may be strongly hampered here (e.g., Preusser et al., 2008). The dated sediments of this thesis 
were derived from such challenging depositional systems in northwestern Germany. The stud-
ied areas of the Münsterland Embayment, the Leine and Weser valleys were all located adja-
cent to the former Middle Pleistocene ice-margins and/or in the vicinity of former proglacial 
lakes, which formed in front of the advancing ice sheets. The main topic for discussion for all 
three studied areas has long been assigned to the depositional history due to the lack of reliable 
and robust numerical ages, reflecting the last depositional event.  
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The overall aim of this thesis is to set up a geochronological framework for the studied 
sedimentary successions in northwestern Germany and to evaluate and, if necessary, revise 
previously established depositional models and interpretations. This is achieved by performing 
both optically stimulated luminescence (OSL) and infrared stimulated luminescence (IRSL) 
dating techniques on potassium-rich feldspar and quartz minerals of aeolian, waterlain, and 
glacigenic successions, which are considered to be excellent high-resolution terrestrial archives 
bearing evidences of former glaciations. The results of this thesis will contribute to a better 
understanding of the glaciation history of northwestern Germany during the Middle and Late 
Pleistocene, and for the first time allow for correlation with other well-dated regions in north-
ern Central Europe.  
 
1.1 The Pleistocene glaciations 
Northern Central Europe has been affected by repeated ice advances during the Pleistocene 
(Fig. 1; e.g., Litt et al., 2007; Ehlers et al., 2011; Houmark-Nielsen, 2011; Laban and van der 
Meer, 2011; Marks, 2011). While the most complete record of Middle and Late Pleistocene 
glaciations has been found in the North Sea basin and was reconstructed from several seismic 
studies, giving evidence of seven ice advances during this geological time span (e.g., Huuse 
and Lykke-Andersen, 2000; Sejrup et al., 2005; Lutz et al., 2009; Stewart and Lonergan, 
2011), the terrestrial record of northern Central Europe revealed only three major glaciations 
based on predominantly lithostratigraphic, geomorphological and palynological analysis. 
These glaciations were characterised by the glacial periods of the Elsterian, Saalian and 
Weichselian, and by the interglacial periods of the Holsteinian and Eemian (Litt et al., 2007).  
In northern and eastern Germany, the Elsterian ice sheet advanced from a north-
ern/northeastern direction (Eissmann, 2002; Ehlers et al., 2011) as is indicated by the orienta-
tion of the subglacial tunnel valleys in this part of Germany (Stackebrandt, 2009). From the 
lithostratigraphic record, two ice advances have been reconstructed (e.g., Eissmann, 2002; Litt 
et al., 2007; Ehlers et al., 2011), that approximately reached the same maximum position 
(Fig. 1; Eissmann, 2002; Litt et al., 2007). Intercalated interglacial sediments were not reported 
(Eissmann, 2002). However, correlation with the Marine Isotope Stages (MIS) is difficult be-
cause it is still unclear whether the Elsterian glaciation occurred during MIS 12 (e.g., Toucanne 
et al., 2009b; Ehlers et al., 2011) or MIS 10 (e.g., Geyh and Müller, 2005; Litt et al., 2007; Lee 
et al., 2012). The succeeding Holsteinian interglacial is assigned to MIS 9 (Geyh and Müller, 
2005; Sierralta et al., 2011) and is characterised by interglacial deposits, which are often found 
well-preserved in underfilled tunnel valleys and overdeepend glacial basins (Eissmann, 2002; 
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Lang et al., 2012). The Saalian Complex is correlated with MIS 8 to MIS 6. While there are no 
indications for an early Saalian MIS 8 glaciation in northern Germany, glacigenic sediments 
from the late Saalian MIS 6 Drenthe and Warthe ice advances are widespread (e.g., Litt et al., 
2007; Ehlers et al., 2011) and characterised by sugclacial tills which are separated by glacila-
custrine and glacifluvial deposits. Interglacial sediments are unknown (Litt et al., 2007). In 
northern Germany, altogether three Saalian ice advances occurred from the north and northeast 
(Caspers et al., 1995; Eissmann, 2002; Litt et al., 2007; Ehlers et al., 2011). Two of them oc-
curred during the Saalian Drenthe glaciation and one during the Saalian Warthe glaciation 
about 20 ka later (Lambeck et al., 2006; Litt et al., 2007; Busschers et al., 2008; Krbetschek et 
al., 2008). However, the maximum extent of the Saalian ice sheets is assigned to the Saalian 
Drenthe glaciation (Litt et al., 2007; Ehlers et al., 2011), reaching to approximately the same 
position as the Elsterian glaciation (Ehlers et al., 2011). During the Saalian Drenthe glaciation, 
large and deep proglacial lakes temporarily formed at the margin of the ice sheets (e.g. Thome, 
1983; Klostermann, 1992; Eissmann, 2002; Winsemann et al., 2007, 2009, 2011a). Lithologi-
cal evidence is given by the occurrence of coarse-grained ice-marginal deposits, fine-grained 
lake-bottom sediments, and ice-rafted debris (e.g., Winsemann et al., 2009; Meinsen et al., 
2011). Catastrophic drainage of these proglacial lakes, caused by (rapid) ice retreat and the 
opening of overspill ways, is considered to have led to characteristic erosional and depositional 
features, such as the formation of plunge pools, channels, valleys, and streamlined hills (e.g., 
Winsemann et al., 2009; Meinsen et al., 2011).  
The following Saalian Warthe (late MIS 6) glaciation had a much lesser extent when 
compared to the older glaciations (Fig. 1). The subsequent MIS 5e is assigned to the Eemian 
interglacial (Litt et al., 2008). The occurrence of glacial deposits overlying the Eemian sedi-
ments allowed for the reconstruction of the maximum extent of the Weichselian MIS 2 glacia-
tion (Litt et al., 2007; Ehlers et al., 2011), which is characterised by up to three Weichselian ice 
sheets that occurred in northeastern and eastern Germany (Ehlers et al., 2011). All three stud-
ied areas were located within, close to or adjacent to the Middle Pleistocene ice margins 
(Fig. 1).  
 
1.2 Study area 
The three studied areas are located in northwestern Germany (Fig. 1), south of the North Ger-
man Lowlands, and structurally belong to the complex Central European Basin System 
(CEBS). After the Variscan orogeny, the formation of the CEBS started in the Late Carbonif-
erous to Early Permian and was marked by the development of a continental rift system that 
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was characterised by major north-south trending normal faults (Littke et al., 2005; Gast and 
Gundlach, 2006). During the Mesozoic, faulting was subsequently replaced by subsidence, and 
the altered tectonic regime led to the evolution of several sub-basins (Littke et al., 2005). Dur-
ing the Late Cretaceous to Early Pleistocene, a distinct inversion phase occurred (Kley and 
Voigt, 2008), which is considered to have been the last major tectonic phase in northwestern 
Germany.  
 
Fig. 1: Map of northern Central Europe, showing the maximum ex-
tents of the Pleistocene ice-margins and the locations of the study are-
as. These are from west to east: the Münsterland Embayment, Weser 
valley, Leine valley (modified after Ehlers et al., 2011). 
 
1.2.1 The Münsterland Embayment 
Structurally, the Münsterland Embayment in northwestern Germany is a syncline that formed 
during the Late Cretaceous (Drozdzewski, 1995; Grobe und Machel, 2002). It is characterised 
by a northeast-southwest trending folded Palaeozoic basement which is unconformably over-
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lain by Mesozoic rocks as well as Pleistocene and Holocene deposits (e.g., Lotze, 1951; Sera-
phim, 1979b; Klostermann, 1992, 1995; Skupin et al., 1993). To the north and east, the Mün-
sterland Embayment is bounded by the up to 400 m high Teutoburger Wald Mountains, to the 
south, it is bounded by the up to 850 m high Rhenish Massif.  
The Münsterland Embayment experienced ice-coverage only during the Saalian Drenthe 
glaciation, as is indicated by meltwater deposits and overlying tills (e.g., Seraphim, 1979a; 
Klostermann, 1992; Skupin et al., 1993; Fig. 1). During this glaciation, ice blockage of the 
eastern part of the Münsterland Embayment and of the upper Weser valley resulted in the for-
mation of glacial Lake Münsterland (Thome, 1998; Herget, 2002; Skupin, 2002; Meinsen et 
al., 2011) and glacial Lake Weser (Thome, 1983; Klostermann, 1992; Winsemann et al., 2009, 
2011a, b; Meinsen et al., 2011). When the Saalian Drenthe ice-lobe retreated, glacial Lake 
Münsterland probably almost entirely drained towards the southwest (cf. Thome, 1983; Mein-
sen et al., 2011). At the same time, two catastrophic lake-level falls of glacial Lake Weser oc-
curred, which were caused by rapid ice-lobe retreat, and led to the drainage of glacial Lake 
Weser into the Münsterland Embayment (Winsemann et al., 2011b). In the Münsterland Em-
bayment, this can be documented by the occurrence of erosional and depositional features such 
as plunge pools, channels, valleys, and streamlined hills (Meinsen et al., 2011). The ice sheets 
of the Elsterian as well as the Saalian Warthe and Weichselian were either blocked by the Teu-
toburger Wald Mountains or did not reach the Münsterland Embayment at all (Ehlers et al., 
2011; Fig. 1). 
The Senne area is located at the southern slope of the Teutoburger Wald Mountains. Its 
sedimentary succession covers an area of about 250 km² and comprises up to averagely 30 m 
thick sand-gravel alternations. The Senne is subdivided into the lower Senne and upper Senne 
by the 110 m a.s.l.-contour line (Seraphim, 1979a). Its depositional history has been an object 
of interest for the last century, resulting in numerous depositional models displaying a Middle 
Pleistocene Saalian glacifluvial (Seraphim, 1979a; Skupin et al., 1993; Lenz, 2003) or Late 
Pleistocene Weichselian periglacial formation (Fehrentz and Radtke, 1998, 2001; Lang and 
Fehrentz, 1998; Skupin, 1994). Recently, Meinsen et al. (2014) have interpreted the sedimen-
tary succession of the upper Senne to consist of alluvial fan and aeolian sandsheet deposits that 
recorded rapid climatic changes throughout the Late Pleistocene.  
 
1.2.2 The Leine valley 
The studied area of the Leine valley in northern Germany is part of a larger graben system 
(Leinetal Graben) that formed during the Late Cretaceous to Early Cenozoic. Vollbrecht and 
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Tanner (2011) investigated the north-south trending structure of the Leine valley and found 
numerous pull-apart basins that formed during the Cretaceous and acted as depocentres for up 
to averagely 30 m thick ice-marginal and fluvial Pleistocene deposits.  
The Leine valley is flanked by up to 450 m high Mesozoic mountain ridges (Fig. 1). Dur-
ing the last century, the Leine valley area has been extensively studied by means of landform 
and provenance analyses (e.g., Rausch, 1977; Rohde, 1983; Kaltwang, 1992). This was per-
formed in order to reconstruct both the former glaciation history and the reaction of fluvial 
systems, which had to adapt to the repeatedly advancing and retreating ice sheets of the El-
sterian and Saalian Drenthe glaciations. During both glaciations, the study area was covered by 
ice sheets, while the maximum extents of the Saalian Warthe and the Weichselian glaciations 
were located further north (Ehlers et al., 2011; Fig. 1). During the Saalian Drenthe, the Leine 
valley was characterised by the formation of glacial Lake Leine (Thome, 1998; Winsemann et 
al., 2007), as is indicated by the occurrence of glacilacustrine sediments, consisting of thick 
fine-grained, commonly laminated lake-bottom sediments, coarse-grained ice-marginal depos-
its, and ice-rafted debris (e.g., Jordan, 1984; Winsemann et al., 2007; 2009, 2011b; Meinsen et 
al., 2011).  
However, a detailed and multidisciplinary approach including numerical age determina-
tion of the ice-marginal deposits did not exist, and thus hampered a trans-regional correlation 
of the Leine valley-fill deposits with other well-dated sites in northern Central Europe.  
 
1.2.3 The Weser valley 
The studied area is located in the southern Weser valley (Fig. 1) and is characterised by a fold-
ed Variscan basement, which is overlain by Mesozoic sediments that experienced uplift during 
the Late Cretaceous to Neogene. As a result, the River Weser incised. The studied area in the 
Weser valley is characterised by up to 530 m high mountain ridges and the broad valley of the 
River Weser. During the Middle Pleistocene glaciations, the southern Weser valley was ice-
free (Ehlers et al., 2011; Fig. 1), but was probably characterised by the formation of a deep 
proglacial lake, namely glacial Lake Weser (Klostermann, 1992; Thome, 1983, 1998; Winse-
mann et al., 2009; Meinsen et al., 2011). As in the Leine valley, the temporal presence of gla-
cial Lake Weser is indicated by the occurrence of coarse-grained ice-marginal deposits and 
fine-grained lake-bottom sediments, overlying Middle Pleistocene fluvial deposits and/or bed-
rock (Winsemann et al., 2009, 2011b). Two catastrophic lake outburst events, which were at-
tributed to the opening of overspill ways, resulted in the initial drainage of glacial Lake Weser 
into the Münsterland Embayment (Winsemann et al., 2011b). Final drainage was caused by a 
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sudden ice-lobe destabilisation (Winsemann et al., 2011a, b). However, the subsequent Late 
Pleistocene ice sheet did not reach the study area (Fig. 1). 
The sedimentary succession of the Nachtigall pit near Holzminden consists of Middle 
Pleistocene Saalian fluvial deposits, which are intercalated with interglacial sediments (Klein-
mann et al., 2011; Rohde et al., 2012). The fluvial deposits are overlain by Late Pleistocene 
sediments (Rohde et al., 2012). For over 100 years, the interglacial sediments of the Nachtigall 
pit have been subject to studies, linking the deposition to the Late Cromerian (Mangelsdorf, 
1981), the Holsteinian (Grupe, 1929) or the Eemian (e.g., Siegert, 1912, 1921). However, re-
cent uranium-thorium (230U/Th) datings proposed a deposition during the Middle Pleistocene 
Saalian MIS 7c to early MIS 6 (Waas et al., 2011), associating the deposition of the overlying 
fluvial deposits with the Saalian Drenthe glaciation (Kleinmann et al., 2011; Waas et al., 2011; 
Rohde et al., 2012).  
 
1.3 Methods 
1.3.1 Field work 
Field work was carried out in several sand and gravel pits in the Münsterland Embayment and 
the Leine and Weser valleys. Additionally, three cores (KB01, KB02, KB03) were acquired in 
the Leine valley. Outcrops and cores were characterised from vertical sediment logs which 
were measured at the scale of individual beds, noting grain size, bed thickness, bed contacts, 
bed geometry, and internal sedimentary structures. In outcrop sections, the larger-scale facies 
architecture was mapped from two-dimensional photo panels. Palaeoflow directions were ob-
tained on the basis of clast imbrications and cross-stratification. In the Leine valley, additional 
provenance analyses were performed using both the heavy mineral associations of the sands 
and the clast composition of the gravels. For further information on the detailed procedures 
regarding provenance analyses, see publication 2 (Chapter 3.3.2). 
 
1.3.2 Shear wave seismic profiles 
In order to obtain a high-resolution image of the subsurface to investigate the larger-scale dep-
ositional architecture along the position of the three newly acquired cores in the Leine valley, 
three shear wave seismic reflection profiles were acquired. Publication 2 (Chapter 3.3.3) offers 
a detailed description of the seismic acquisition parameters and procedures. The seismic pro-
files exhibited a range of seismic facies types which were defined by external geometry and 
internal reflector pattern. These were described using the scheme of Mitchum et al. (1977). 
Seismic facies types were grouped into seismic-stratigraphic units, bounded by seismic reflec-
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tors (Brown and Fischer, 1977; Posamentier and Vail, 1988). The three newly acquired cores 
and additional borehole data provided a substantial lithological control and supported the in-
terpretation of the seismic data.  
 
1.3.3 Three-dimensional subsurface modeling (GOCAD®) 
In the Leine valley, the final reconstruction of the large-scale depositional architecture was 
based on the determined outcrop and borehole data which was integrated into a three-
dimensional subsurface model (GOCAD®). Reconstructions of the bedrock relief surface and 
the thickness and spatial distribution of the overlying Pleistocene deposits subsequently al-
lowed for the creation of maps. These maps revealed zones of increased sediment thickness, 
whose spatial arrangement was used as an indicator for possible ice-advance directions.  
 
1.3.4 Luminescence dating 
For numerical age determination, luminescence dating techniques on aeolian, waterlain and 
glacigenic deposits were performed. In the past decades, luminescence dating has been exten-
sively used as a powerful chronological tool. Thermoluminescence (TL) dating of archaeologi-
cal findings (pottery, burnt flints, and burnt stones) gave the last heating event. TL dating 
gradually developed towards OSL and IRSL dating, which has become a common and widely 
used dating technique for Quaternary sediments in order to directly determine the sediment’s 
last exposure to sunlight, giving the last depositional age (cf. Aitken, 1998).  
 
1.3.4.1 The basic principles of luminescence dating 
Luminescence dating is a radiation dosimetric method which is based on charge transfer pro-
cesses in the crystal lattice of minerals such as quartz and feldspar (Bøtter-Jensen et al., 2003). 
These minerals act as natural dosimeters and are able to record the amount of radiation they 
have been exposed to over the time. The longer a mineral is exposed to radiation, the greater 
the number of charge (i.e. electrons) that is trapped in deficiencies or structural defects within 
the crystal lattice, and the greater the light-sensitive luminescence signal (Aitken, 1985). The 
number of available deficiencies within the crystal lattice is, however, not infinite and will 
reach a saturation dose when the mineral is kept under burial conditions long enough. In a nat-
ural environment, when the mineral is exposed to sunlight and thus optically stimulated, the 
trapped charge is released and recombines at luminescence centres causing light (photon) 
emission. This light emission is also referred to as luminescence or the luminescence signal. 
Ideally, this signal is completely reduced (bleached) and reset to zero (Fig. 2). During subse-
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quent burial, the mineral is sealed from sunlight and the luminescence signal accumulates 
again (Fig. 2).  
Fig. 2: The luminescence signal accumulates during burial and is ideally set to zero 
(bleached) when the mineral grain has been exposed to sufficient light. The measured lu-
minescence signal of a sufficiently bleached sample is therefore equivalent to the age of 
the last dated event. In case of insufficient bleaching, a residual signal will ultimately lead 
to an age overestimation of the last depositional event. 
 
In the laboratory, optical stimulation is mimicked by light stimulation and the emitted 
photons of the natural luminescence signal are measured and counted using a photomultiplier. 
By doing so, the natural luminescence signal is bleached and the aliquot is irradiated again. 
The induced luminescence signals are measured and subsequently form a growth curve. Inter-
polation of the natural luminescence signal allows for estimation of the past radiation dose, 
which is equivalent to the total stored energy since the last bleaching event, referred to as the 
equivalent dose (De in Gy). Division by the dose rate (DR in Gy ka-1), which is measured by 
gamma spectrometry of the surrounding sediment and describes the annual dose rate of the 
surrounding environment including cosmic radiation, allows for calculation of the time elapsed 
since the last exposure to sunlight prior to deposition. The equation is as follows:  
 
Age (ka) = Equivalent dose (Gy)/Dose rate (Gy ka-1) 
 
Further insights on luminescence basics, including details on the physical background, can 
be found in Aitken (1985, 1998), Wintle (1997, 2008), Preusser et al. (2008) and references 
therein.  
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1.3.4.2 Luminescence dosimeters – their advantages and disadvantages 
Although several other minerals (e.g., zircon, halite) show the same phenomenon, the most 
commonly used luminescence dosimeters for dating purposes are quartz and potassium-rich 
feldspar minerals. Yet, both minerals have advantages and disadvantages over the other.  
The quartz luminescence signal is much more light-sensitive and thus bleaches faster than 
that of feldspar. It may, however, be contaminated by feldspar micro-inclusions, which can 
lead to additional complications when trying to detect the quartz luminescence signal. The 
major disadvantage of quartz is assigned to its low saturation dose, which limits its application 
as a dosimeter to comparably young sediments.  
Contrary to this, the feldspar luminescence signal grows to a much higher dose and thus 
makes it possible to date older sediments. Nevertheless, bleaching of the feldspar luminescence 
signal takes much more time that might not always be given naturally, thus leading to insuffi-
ciently bleached minerals and overestimated depositional ages. The effect of insufficient 
bleaching and its detection is one of the greatest challenges in luminescence dating. The feld-
spar luminescence signal is also known to suffer from a spontaneous signal loss over time, 
which is referred to as anomalous fading (Wintle, 1973; Spooner, 1994). The reason for this 
phenomenon is linked to quantum-mechanical tunnelling (Visocekas, 1985) and, if left unde-
tected and uncorrected, ultimately leads to underestimated depositional ages and, just like 
overestimated depositional ages, false interpretations of the investigated successions.  
 
1.3.4.3 Dose rate determination 
Determination of the dose rate within the sediment is fundamental when the last depositional 
age is to be calculated. Besides the internal radiation from within the mineral grain itself 
(mainly 40K), the external radiation from adjacent mineral grains (40K; 232Th, 235U, 238U) and 
the cosmic radiation (neutrons, electrons, photons etc.) from outer space have to be taken into 
account. For determination of the external dose rate, the water content needs to be known. For 
this thesis, the water content of all samples was measured and set to an average value close to 
the measured one. For the determination of the cosmic radiation, the geographical position, 
altitude and thickness of the overburden have been considered.  
Concentrations of the natural radionuclides were not directly measured during field work 
but were obtained using high-resolution gamma-ray spectrometry in the laboratory. Respec-
tively, 50 g or 700 g of the dry and homogenized sample were stored in N-Type or Marinelli 
beakers for at least four to six weeks before measurements were conducted to assure equilibri-
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um between radon and its daughter nuclides. Final dose rates were calculated using conversion 
factors reported by Adamiec and Aitken (1998).  
 
1.3.4.4 Equivalent dose determination 
Luminescence measurements are commonly performed using an automated Risø TL/OSL 
reader (DA-20) with a calibrated 90Sr/90Y beta source (1.48 GBq = 40 mCi), delivering be-
tween 0.11 and 0.14 Gy s-1. Feldspar signals are stimulated by infrared (IR) light emitting di-
odes (LED) at 870 nm and the feldspar luminescence signal is detected through a Schott 
BG39/Corning 7-59 filter combination in the blue-violet region (320-460 nm). Quartz signals 
are stimulated with blue LED, emitting at 470 nm, and the quartz luminescence signals are 
detected through a Hoya U-340 filter in the ultra violet region (280-380 nm). The most com-
monly used procedure to determine the equivalent dose is the single-aliquot regenerative 
(SAR) dose protocol (Murray and Wintle, 2000, 2003). Pure monomineralic potassium-rich 
feldspar or quartz minerals are mounted on discs, representing subsamples which are referred 
to as aliquots. For detailed information on laboratory procedures, see publication 2 (Chapter 
3.3.5.1).  
In order to give reliable, reproducible and robust luminescence results, it is essentially im-
portant to check whether the applied SAR protocol is suitable prior to the actual measurements. 
This is accomplished by carrying out performance tests such as dose recovery tests and recy-
cling ratio tests. The dose recovery test checks whether a known dose, which had been given 
after bleaching the natural signal, can be measured and recovered accurately. If so, the ratio of 
the given/measured dose should be within 10% of unity (Wintle and Murray, 2006). The recy-
cling ratio test checks whether sensitivity changes were successfully corrected for by giving 
the same dose at i.e. the beginning and at the end of the measurement. Acceptable values 
should again be within 10% of unity (Wintle and Murray, 2006). 
Since all sedimentary succession were expected to have a somewhat old (Middle Pleisto-
cene) depositional age, feldspar minerals were initially chosen as dosimeters. For the alluvial 
and aeolian deposits in the Münsterland Embayment, test measurements gave unexpectedly 
low equivalent doses, therefore additional quartz measurements were performed. For the ice-
marginal and fluvial deposits of the Leine and Weser valleys, a pulsed IRSL SAR protocol was 
applied on monomineralic potassium-rich feldspar minerals and only the off-time signal was 
recorded to obtain a stable luminescence signal (Tsukamoto et al., 2006). In order to reduce 
anomalous fading, the pulsed IRSL signal measured at 50°C was used due to its greater light-
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sensitivity, which makes it more suitable for dating deposits deriving from a challenging envi-
ronment.  
If possible, additional quartz measurements were performed. The reason for this double-
dating approach is assigned to the different bleaching behaviours of both minerals. An age 
agreement is considered a proof for good bleaching conditions prior to deposition (Murray et 
al., 2012). Another useful tool to prove the accuracy and reliability of the determined lumines-
cence ages is the comparison of the obtained ages with results of other numerical age determi-
nation methods of the exact same sediment and/or the over- and/or underlying deposits. By 
doing so and given the fact that all obtained ages are consistent and in stratigraphic order, all 
applied dating methods can be proved to have worked accurately.  
 
1.3.4.5 Incomplete bleaching  
Ideally, the luminescence signal is completely reset by sufficient light exposure during 
transport (Fig. 2). However, the chance of complete bleaching in nature depends on the deposi-
tional environment. While the best bleaching conditions are known for aeolian sediments, wa-
terlain (such as fluvial, alluvial, lacustrine) and especially glacigenic sediments (such as 
glacifluvial, glacilacustrine) have a greater potential for having been incompletely bleached 
due to e.g. short transport distances, various modes of transport, high suspension loads, and 
high sedimentation rates. Incomplete bleaching is considered the main cause for overestimated 
depositional ages. When dating younger sediments, the impact of incompletely bleached min-
erals is of greater importance than dating comparably older sediments because for the latter a 
residual signal will most likely be within the error range (Duller, 2008).  
The degree of incomplete bleaching can be detected by using different approaches such as 
comparison with independent age control (publication 3, Chapter 4), performing double-
datings using two dosimeters (as mentioned above), creating and evaluating equivalent dose 
vs. time-plots (publication 2, Chapter 3) and/or measuring single-grains or small-sized aliquots 
which are close to single-grain conditions (publication 1, Chapter 2). However, it has been 
shown that glacigenic sediments are not necessarily insufficiently bleached (e.g., Fuchs and 
Owen, 2008; Houmark-Nielsen, 2008; Alexanderson and Murray, 2012) and luminescence 
dating of these deposits can be successful (e.g., Fehrentz and Radtke, 1998; Preusser, 1999; 
Pawley et al., 2008, 2010; Houmark-Nielsen, 2011; Alexanderson and Murray, 2012; Pitkäran-
ta et al., 2014).  
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1.4 Outline of the thesis – Publications and their contents 
This thesis is composed of three publications which have been submitted to peer-reviewed 
international journals.  
 
Publication 1: Luminescence dating of an Upper Pleistocene alluvial fan and aeolian 
sandsheet complex: The Senne in the Münsterland Embayment, NW Germany  
by J. Roskosch, S. Tsukamoto, J. Meinsen, M. Frechen, J. Winsemann published in Quaternary 
Geochronology 10 (2012), 94-101, DOI: 10.1016/j.quageo.2012.02.012. 
In this chapter, the objective was to shed new light into the long lasting controversial discus-
sion regarding the origin and depositional age of the upper Senne deposits. Twelve samples 
from two localities were dated by luminescence techniques using both an elevated temperature 
post-infrared infrared stimulated luminescence (pIRIR290) protocol (Thiel et al., 2011) for 
monomineralic coarse-grained potassium-rich feldspar minerals and a double SAR protocol for 
monomineralic coarse-grained quartz minerals. The central age model (CAM) and the 3-
parameter minimum age model (MAM-3; Galbraith et al., 1999) were applied in order to use 
only those grains for final age determination which represent the true burial dose. The most 
reliable results are those from both quartz CAM ages, indicating a deposition during the Late 
Pleistocene (Pleniglacial to Late Glacial). Feldspar pIRIR290 ages, however, show a consisten-
cy with the quartz CAM ages of the aeolian deposits, but generally overestimate quartz ages of 
the alluvial plain and alluvial fan deposits.  
 
Publication 2: Luminescence dating of ice-marginal deposits in northern Germany: evi-
dence for repeated glaciations during the Middle Pleistocene (MIS 12 to MIS 6)  
by J. Roskosch, J. Winsemann, U. Polom, C. Brandes, S. Tsukamoto, A. Weitkamp, W.A. Bar-
tholomäus, D. Henningsen, M. Frechen published in Boreas 44 (2015), 103-126, DOI: 
10.1111/bor.12083. 
This paper presents new luminescence data from Middle Pleistocene ice-marginal and fluval 
deposits from the Leine valley in northwestern Germany. In combination with digital elevation 
models, high-resolutions shear wave seismic profiles, outcrop and borehole data and generated 
GOCAD models, the dataset allows for the reconstruction of the stratigraphical valley-fill ar-
chitecture, and can thus contribute to the ongoing discussion considering the number, extent 
and timing of the Middle Pleistocene glaciations in northern Central Europe. Luminescence 
dating techniques were performed on monomineralic coarse-grained potassium-rich feldspar 
and quartz minerals derived from twelve ice-marginal and two fluvial samples. Equivalent 
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doses were determined using a pulsed IRSL SAR protocol with IR stimulation at 50°C for 
400 s with 50 µs on-time and 200 µs off-time. Final feldspar ages were discussed with respect 
to their reliability and robustness due to possible causes for both age under- and age overesti-
mation. The overall results of the large dataset indicate that ice advances into the study area 
occurred during both the Elsterian (MIS 12 and MIS 10) and the Saalian (MIS 8? and MIS 6), 
extending to approximately the same position, probably controlled by proglacial lakes.  
 
Publication 3: Luminescence dating of fluvial deposits from the Weser valley, Germany: 
a comparison with independent age control  
by J. Roskosch, S. Tsukamoto, M. Frechen, Geochronometria (in review).  
This publication focuses on new luminescence results from fluvial deposits from the Nachtigall 
pit located in the Weser valley in northwestern Germany. Monomineralic coarse-grained po-
tassium-rich feldspar minerals and polymineralic fine-grains of five fluvial samples were dated 
using a pulsed IRSL SAR protocol. Numerical age results indicate two phases of deposition as 
during MIS 5d and from late MIS 5b to MIS 4, leading to a revised chronostratigraphic frame-
work of the deposits of the Nachtigall pit (Winsemann et al., subm.). Independent age control 
is given by 230U/Th ages of interglacial sediments (MIS 7c to early MIS 6; Waas et al., 2011) 
underlying the fluvial deposits.  
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Abstract 
An up to 15 m thick alluvial fan and aeolian sandsheet complex is exposed in the upper Senne 
area, on the southern slope of the Teutoburger Wald Mountains (NW Germany). The origin 
and age of these deposits have been controversially discussed for many years, ranging from 
Saalian glacifluvial to Weichselian periglacial deposits. In order to provide a high-resolution 
chronological framework for the deposits, we conducted luminescence dating of 12 samples 
from two localities (Oerlinghausen and Augustdorf pits). Both coarse-grain potassium-rich 
feldspar and quartz minerals were used for luminescence dating. Feldspar was measured using 
an elevated temperature post-IR infrared stimulated luminescence (IRSL). Quartz was meas-
ured using optically stimulated luminescence (OSL) with a conventional single aliquot regen-
erative dose (SAR) protocol. Feldspar results tend to overestimate quartz ages for the lower 
part of the sections (alluvial plain and alluvial fan facies) but are consistent with quartz ages 
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for the upper part of the sections (aeolian facies). Quartz ages from both central and minimum 
age models suggest deposition during the Late Pleistocene Pleniglacial to Late Glacial. 
 
2.1 Introduction 
The sediments of the upper Senne are located on the southern slope of the Teutoburger Wald 
Mountains, south of the North German Lowlands. The origin and depositional age of these 
sediments have long been controversial and interpretations considered either a Saalian 
glacifluvial (e.g., Seraphim, 1979a; Skupin, 1985, 2002; Klostermann, 1995; Lenz, 2003) or a 
Weichselian periglacial deposition (Fehrentz and Radtke, 1998, 2001; Lang and Fehrentz, 
1998; Skupin, 1994).  
This study forms part of a larger project, re-examinating the Pleistocene depositional his-
tory of the Münsterland Embayment, including a detailed analysis of depositional systems and 
soft sediment deformation structures (Brandes et al., 2012). In this paper, we present new lu-
minescence ages from two outcrop sections of the upper Senne. The objective of this paper is 
to provide a high-resolution chronostratigraphic framework for the periglacial deposits of the 
upper Senne. 
 
2.2 Study area and previous research 
The Münsterland Embayment is located south of the North German Lowlands, bounded by the 
Teutoburger Wald Mountains towards the North (Drozdzewski, 1995). The Mesozoic base-
ment rocks of the Teutoburger Wald Mountains and the Münsterland Embayment are overlain 
by Pleistocene and Holocene deposits (e.g., Lotze, 1951; Seraphim, 1979b; Klostermann, 
1992, 1995; Skupin et al., 1993; Skupin, 2002).  
Northern Germany was affected by three major glaciations during the Elsterian, Saalian 
and Weichselian glacial periods (Fig. 1A). The Elsterian ice-margin probably terminated north 
of the Teutoburger Wald Mountains. During the maximum extent of the Saalian (Drenthe) 
glaciation, the Münsterland Embayment was probably completely covered by ice and ice lobes, 
advanced from a northwesterly or northerly direction into the Münsterland Embayment 
(Fig. 1A; Skupin et al., 1993; Ehlers et al., 2011). The Late Pleistocene (Weichselian) glacia-
tion did not affect the Münsterland Embayment (Fig. 1A). 
The study area is located on the southern slope of the Teutoburger Wald Mountains. This 
area is referred to as Senne (Harbort and Keilhack, 1918) and is characterised by an up to 30 m 
thick sediment body, covering an area of about 250 km2 (Hesemann, 1975; Seraphim, 1979a; 
Fig. 1B). The Senne has a stepped profile with two major plains at ~110 m and ~145 m a.s.l. 
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The deposits of the Senne consist of Holsteinian and Early Saalian pre-glacial fluvial and la-
custrine deposits, overlain by late Saalian meltwater deposits and patchy occurrences of till. 
The westernmost part of the Senne has been affected by late Saalian lake outburst floods of 
glacial Lake Weser, leading to a strong erosion and the formation of streamlined hills (Meinsen 
et al., 2011), formerly interpreted as drumlins (Seraphim, 1973; Skupin et al., 1993). This 
Middle Pleistocene succession is overlain by alluvial fan and aeolian sandsheet deposits, which 
are exposed in two major outcrops (Oerlinghausen and Augustdorf pits) over an altitude range 
of 185-215 m a.s.l. Up to six palaeosols have been mapped within the Aeolian deposits of the 
upper Senne thought to range in age from the Allerød to the Atlanticum (Skupin, 1994). Lang 
and Fehrentz (1998) studied aeolian dune deposits NW of Schlangen (Fig. 1B) using optically 
stimulated luminescence (OSL) of quartz and infrared stimulated luminescence (IRSL) of feld-
spar. Determined quartz and feldspars ages point to a Late Pleistocene (15.8±1.5 ka) to Holo-
cene (7.5±1.2 ka) formation of the sediments.  
Fehrentz and Radtke (1998, 2001) investigated quartz and feldspar minerals of sediments 
from the sand pit Schlegel in Augustdorf (Fig. 1B) using multiple aliquot additive dose and 
regenerative dose techniques to find the boundary between Pleistocene and Holocene deposits. 
Their quartz results indicate ages between 50 and 25 ka, whereas their feldspar ages (26-7 ka) 
underestimate the quartz ages, presumably due to anomalous fading.  
 
Fig. 1: (A) Map of northern Europe, showing the maximum extent of Pleistocene ice sheets (modified 
after Ehlers et al., 2004; Winsemann et al., 2011) and the study area; (B) Hill-shaded relief model of the 
Senne area (eastern part of the Münsterland Embayment) based on data from the Bezirksregierung Köln 
(Germany). Stars indicate the studied sites.  
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2.3 Study sites and samples 
2.3.1. Field work 
Field work including a detailed logging of sections and sampling for luminescence and 
dosimetry measurements was carried out in April and November 2010. The outcrops were 
characterised from vertically measured sections and two-dimensional photo panels of the out-
crop walls. Sediment logs were measured at the scale of individual beds, noting grain size, bed 
thickness, bed contacts, bed geometry and internal sedimentary structures. Palaeoflow direc-
tions were obtained from cross-bedding and clast imbrications. The larger-scale facies archi-
tecture was mapped from photo panels. A detailed analysis of the sedimentary facies will be 
provided elsewhere. The soft sediment deformation structures have recently been analysed by 
Brandes et al. (2012). Altogether 12 samples were taken for OSL dating, eight from the Oer-
linghausen (Fig. S1) and four from the Augustdorf pit (Fig. S2).  
 
2.3.2 The outcrop section 
In the Oerlinghausen sand pit (N 51°56’28.57”, E 8°40’22.95”; Fig. 1B) up to 15 m thick de-
posits are exposed over an altitude range of 190-205 m a.s.l. The sedimentary succession is 
characterised by an overall subhorizontal geometry. The basal succession consists of an up to 
2 m thick alternation of fine-grained sand, silt and mud, interpreted as alluvial plain deposits. 
These fine-grained floodplain deposits are unconformably overlain by 4-13 m thick channel-
ized and subhorizontally stratified gravel and sand, representing alluvial fan deposits. This 
succession is bounded by an erosion surface and overlain by 1-4 m thick, subhorizontally strat-
ified, fine- and medium-grained sand with intercalated layers rich in mudstone clasts, reflect-
ing alternating periods of aeolian and alluvial deposition. Within these deposits a wide range of 
soft sediment deformation structures are developed, which are probably seismically induced 
(Brandes et al., 2012). The location of OSL samples is shown in Fig. S1. 
The Augustdorf outcrop section (N 51°55’9.39”, E 8°44’41.54”) is located approximately 
7 km SE of the Oerlinghausen pit. The sediments are exposed over an altitude range of 185-
215 m a.s.l. The lower section consists of trough cross-stratified and planar-parallel stratified 
fine- to coarse-grained sand and gravel, interpreted as alluvial fan deposits. This succession is 
overlain by 6-8 m thick aeolian sandsheet deposits. The location of the samples for OSL dating 
is shown in Fig. S2. 
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2.4 Luminescence dating 
2.4.1 Preparation and laboratory procedures 
In the laboratory, sample preparation and treatment were performed under subdued red light to 
avoid bleaching of luminescence signal (Preusser et al., 2008). The material of both ends of the 
sample tubes was removed due to possible light exposure during sampling. Coarse-grained 
(100-150 mm; except for Sen10 and Aug1 where the 150-200 mm fraction was used) potassi-
um-rich feldspar and quartz grains were prepared using a procedure of drying, sieving and 
chemical treatment with hydrochloric acid, disodium oxalate and hydrogen peroxide. Heavy 
liquid separations followed. Quartz fractions were treated with hydrofluoric acid to avoid con-
tribution of the alpha-irradiated outer part of the quartz mineral and to remove remaining feld-
spar minerals. Feldspar and quartz aliquots of 2.5 mm (feldspar) and 1 mm (quartz; 20 to 45 
grains) size were used for luminescence measurements. Luminescence measurements were 
performed using an automated Risø TL/OSL reader (DA-20) with a calibrated 90Sr/90Y beta 
source. The feldspar signal was stimulated with infrared light diodes emitting at 870 nm and 
detecting the luminescence signal in the blue-violet region (320 nm-460 nm) with a Schott 
BG39/Corning 7-59/ND 1.0 filter combination. The quartz signal was stimulated with blue 
light diodes emitting at 470 nm and was detected through a Hoya U-340 filter, which transmits 
between 280 nm and 380 nm in the ultra violet region. 
 
2.4.2 Dose rate determination 
After drying at ≤50°C and homogenization, 700 g of each dosimetry sample was packed in 
Marinelli beakers, sealed and stored for six weeks to assure equilibrium between radon and its 
daughter nuclides. High-resolution gamma-ray spectrometry was used to determine the con-
centrations of uranium, thorium and potassium and the dose rates were calculated using the 
conversion factors of Adamiec and Aitken (1998) considering a measured average water con-
tent of 10±5%. For feldspar dose rate determination, an internal potassium content of 
12.5±0.5% (Huntley and Baril, 1997) and an a-value of 0.150±0.015 (Balescu and Lamothe, 
1994) were assumed. The cosmic radiation was corrected for altitude and sediment thickness 
(Prescott and Hutton, 1994). Dosimetry results and dose rates can be found in Table 1. 
 
2.4.3 Equivalent dose rate determination 
Due to Saalian age assumptions of previous literature (e.g., Seraphim, 1979a; Skupin, 1985), 
we started equivalent dose (De) determination using potassium-rich feldspar minerals. A total 
of 16 aliquots per sample were measured. An elevated temperature post-IR IRSL (pIRIR) 
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protocol after Thiel et al. (2011; Table 2A), using a preheat at 320°C and a post-IR stimulation 
at 290°C after stimulating with IR at 50°C for 100 s was used, which has been proved to show 
negligible anomalous fading (Thiel et al., 2011; Buylaert et al., 2012). Both De values of IRSL 
signal at 50°C (IR50) and pIRIR signal at 290°C (pIRIR290) were calculated. The pIRIR290 sig-
nal has a typical residual dose of ~5 Gy at the time of deposition (Buylaert et al., 2012). This 
residual dose of 5 Gy was subtracted from the De values for age calculation. Residual doses 
could be slightly sample-dependent, however, there is no modern analogue material in our 
study site and it was impossible for us to determine residual doses specifically for our samples. 
Additionally, dose recovery and fading tests were performed on two samples of both sections 
(Oerlinghausen pit: samples Sen3 and Sen5; Augustdorf pit: samples Aug2 and Aug3), using 
six aliquots of each of these samples, which were bleached by a solar stimulator. Recovery 
ratios (minus a residual dose of 5 Gy) are within the 1 σ-level (0.98-1.07; Fig. S3). Fading 
rates (g-values) were calculated after Huntley and Lamothe (2001).  
For quartz measurements, a conventional SAR protocol (Murray and Wintle, 2000, 2003) 
was used (Table 2B) and slightly modified to a so called double SAR protocol, which includes 
an IR stimulation to reduce the feldspar signal prior to stimulation of the aliquots with blue 
LEDs (post-IR OSL signal). Dose recovery tests at different preheat temperatures were per-
formed to find the best preheat condition and to get accurate dose estimations. A selected pre-
heat temperature (180°C) was conducted for samples Sen1 to Sen5 using six aliquots each. 
Recovery ratios (0.91-0.94) are consistent with unity at 1 σ-level, other than Sen5 (0.85) which 
is consistent with the 2 σ-level (Fig. S3). 96 aliquots per sample were used for De measure-
ments.  
 
 
 
 
 
 
 
 
 
 
 
Table 2: (A) Post-IR IRSL SAR protocol for coarse-grain potassium feldspar meas-
urements, (B) pIRIR protocol for coarse-grain quartz measurements. 
Step Treatment 
 (A) Feldspar    (B) Quartz 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Give dose  
Preheat, 60 s @ 320°C 
IR stimulation, 100 s @ 50°C 
IR stimulation, 210 s @ 290°C 
Give test dose  
Cutheat, 60 s @ 320°C 
IR stimulation, 100 s @ 50°C 
IR stimulation, 210 s @ 290°C 
IR stimulation, 100 s @ 325°C 
Return to step 1 
Give dose  
Preheat, 10 s @ 180°C 
IR stimulation, 100 s @ 50°C 
OSL stimulation, 40 s @ 125°C 
Give test dose  
Cutheat, 0 s @ 160°C 
IR stimulation, 100 s @ 50°C 
OSL stimulation, 40 s @ 125°C 
Return to step 1 
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Acceptance criteria for SAR measurements are: recycling ratio limit, within 10% from the 
unity; maximal test dose error 10%; signal intensity larger than 3 sigma above background. 
Dose response curves were fitted with a saturating exponential function to calculate De values. 
A measurement error of 2.0% was included for the De calculation. For feldspar samples, the 
integrated signal of the first 5 s from the decay curve was used after subtracting the last 50 s as 
a background. For quartz samples, the initial 0.5 s of the signal was used after subtracting an 
early background of 0.7 s-4.0 s (Cunningham and Wallinga, 2010). 
 
2.4.4 Age models and age calculations 
For feldspar age calculations, the mean De values (after subtracting the residual of 5 Gy for the 
pIRIR290) were used. For the IR50 ages, a fading correction after Huntley and Lamothe (2001) 
was performed. Feldspar grains in our samples might have been heterogeneously bleached, 
however, unlike quartz most of the feldspar grains give luminescence, and thus even De values 
from small aliquots are not suitable for any statistical analysis. On the other hand, our quartz 
OSL measurements are close to single-grain conditions, and we therefore used two statistical 
methods that have been developed to isolate grains which represent a true burial dose: central 
age model (CAM) and the 3-parameter minimum age model (MAM-3; Galbraith et al., 1999). 
The CAM generates a representative estimate of the average burial dose which can be com-
pared to a weighted average with the difference that it does not select one true value (Arnold et 
al., 2007). The standard deviation of this distribution is called overdispersion (σOD) and de-
scribes the scatter within the sample which cannot be explained by instrumental errors. The 
MAM-3 was developed for heterogeneously bleached sediments (Galbraith and Laslett, 1993; 
Galbraith et al., 1999). An σOD value of 35% obtained from well bleached aeolian samples 
(Sen5, Aug3, Aug4) was used to calculate MAM-3 ages for all samples (see chapter 4.6 why 
we think these samples are well bleached). In order to consider which age model is more suita-
ble for our samples, the single-aliquot age model decision process by Arnold et al. (2007) was 
used. Specific De distribution characteristics (e.g., overdispersion, skewness) were taken to 
identify the appropriate statistical approach. 
 
2.4.5 Feldspar: luminescence signal characteristics, dose distribution and ages 
For post-IR IRSL measurements of feldspar the test dose measurements corrected properly for 
sensitivity changes, since the average recycling ratio of all aliquots was 1.01 ± 0.10. For the 
IR50 signal, a mean g-value of 2.5±0.3% per decade (2.2±0.5% per decade for the Oerlinghau-
sen pit and 2.8±0.4% per decade for the Augustdorf pit) was obtained. For the pIRIR290 signal, 
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the mean g-value was 1.0±0.2% per decade (0.8±0.3% per decade for the Oerlinghausen pit 
and 1.2±0.3% per decade for the Augustdorf pit). Only the IR50 ages were corrected for anom-
alous fading. Mean recuperation was 5.5% (Oerlinghausen pit) and 7.1% (Augustdorf pit). The 
IR50 and pIRIR290 ages are given in Table 3. All ages are given with the 1σ uncertainty. Feld-
spar ages are in stratigraphic order and indicate a Late Pleistocene deposition: IR50 ages range 
from 31.0±3.1 ka to 17.3±1.8 ka (Oerlinghausen pit) and from 21.7±2.5 ka to 17.0±2.1 ka 
(Augustdorf pit). pIRIR290 ages are slightly older ranging from 34.0±2.7 ka to 20.6±1.6 ka 
(Oerlinghausen pit) and from 27.1±4.3 ka to 19.7±1.9 ka (Augustdorf pit) but are in agreement 
in 1-sigma standard deviation. 
 
2.4.6 Quartz: luminescence signal characteristics, dose distribution and ages 
All quartz samples show a dim signal (<800 counts per 0.10 s; Fig. S4), which decays very 
quickly during the first seconds of stimulation, indicating that the OSL signal is dominated by 
the fast component. A representative dose response and decay curve as well as a De histogram 
are shown in Fig. 2. The average recycling ratio of all aliquots for all samples is close to unity 
(1.04±0.10 for samples of the Oerlinghausen pit; 1.05±0.10 for samples of the Augustdorf pit), 
implying that the test dose measurement corrected for sensitivity changes appropriately.  
The OSL ages are given in Table 3. All ages are given with the 1σ uncertainty. The quartz 
dose distributions for all samples, plotted in histograms and radial plots, are shown in Figs S5 
and S6. Quartz ages determined using the CAM model are in stratigraphic order, ranging in 
age from 29.3±3.2 ka to 13.1±1.5 ka (except for the uppermost sample Sen5 from the Oerling-
hausen pit) and 25.4±3.6 ka to 19.5±2.0 ka (Augustdorf pit), indicating a Pleniglacial to Late 
Glacial age. MAM-3 ages are consistent with CAM ages within 1 σ-level except for three sam-
ples: Sen10, Sen3 and Sen8 (Table 3B, Fig. 3); the two ages of Sen3 and Sen10 are also con-
sistent within 2σ-level. The ages cover ranges from 21.0±3.5 ka to 7.6±1.5 ka (Oerlinghausen 
pit) and from 21.3±4.1 ka to 18.5±2.8 ka (Augustdorf pit), indicating a Late Pleniglacial and 
Late Glacial to Holocene age of the Oerlinghausen deposits and a Late Pleniglacial age of the 
Augustdorf section.  
The De histograms shown in Fig. S5 display a Gaussian-like distribution for most of the 
samples (e.g., Sen9, Sen5). Some samples (e.g., Sen1, Sen2, Sen4, Aug1) are skewed towards 
lower doses. All histograms have a broad distribution. The three samples from the uppermost 
part of the sections (Sen5, Aug3, Aug4) are well bleached, probably because of their aeolian 
origin. Moreover, these samples show a Gaussian-like and normal dose distribution (Fig. S6) 
and their quartz and feldspar ages (IR50 and pIRIR290 – a residual dose of 5 Gy) agree 
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Fig. 2: (A) Dose response and decay curve for quartz sample Sen1; those for the rest of the samples can 
be found in Fig. S4. The dose response curve shows an exponential growth, the decay curve shows a 
rapid decrease of the OSL signal within the first three seconds, indicating a dominance of fast compo-
nents. One of the recycling points is an IR depletion ratio. (B) De histogram for quartz sample Sen1; 
those for the rest of the samples can be found in Fig. S5. 
 
perfectly (Fig. 3). Since quartz bleaches more rapidly than feldspar (Godfrey-Smith et al., 
1988), such an agreement can only occur with well bleached samples. Additionally, these sam-
ples have the lowest σOD values among the samples (Table 3B), but the values themselves are 
still high (~33 to 38%). The reason of the high σOD values is unknown but may be due to natu-
ral beta dose heterogeneity and/or post-depositional mixing. The mean σOD of 35% obtained 
from these three samples was used for the calculation of MAM-3 ages. Radial plots shown in 
Fig. S6 also indicate sufficient bleaching, as measured aliquots are mostly within the 2 σ-level 
of the average De values. For all samples, MAM-3 De values have a greater relative error and a 
lower precision. CAM De values are more precise with a smaller relative error.  
For 9 of 12 samples, De distribution characteristics favour MAM-3 for age calculation due 
to an σOD value of ≥40% (Table 3B; Arnold et al., 2007). However, the decision process may 
not be appropriate for our samples, because the σOD values are ~35% even for well bleached 
samples. 
 
2.5 Discussion 
Samples are derived both from the alluvial fan and overlying aeolian deposits. The best bleach-
ing results were found in samples Sen5, Aug3 and Aug4, representing samples from the up-
permost aeolian-dominated parts of both sections. Samples from the alluvial deposits are gen-
erally less well bleached. Both quartz and feldspar luminescence dating results point to a Late 
Pleistocene age of the studied sediments, contradicting a Saalian formation of the uppermost 
Senne deposits (e.g., Seraphim, 1979a; Skupin, 1985). Also, determined quartz and feldspar 
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ages partly considerably differ. It is known that quartz bleaches more rapidly than feldspar. 
Moreover, Buylaert et al. (2012) have recently compared the bleachability of quartz OSL, feld-
spar IR50 and pIRIR290 signals and showed that the pIRIR290 signal is much less sensitive to 
light than the IR50 signal. A good agreement between quartz CAM ages and feldspar IR50 ages 
for all the samples except Sen8 (Fig. 3) suggests that these samples are reasonably well 
bleached at deposition; at least quartz OSL and feldspar IR50 signals were bleached for the 
majority of the grains. However, the difference between the OSL/IR50 ages and the pIRIR290 
ages tends to be larger in the lower part of the sections. The increasing discrepancy between 
the quartz and feldspar pIRIR290 ages towards the lower part probably suggests that the bleach-
ing environment for the lower part of the sections was not as good as the upper part, as may be 
expected for an alluvial fan setting, periodically affected by high-energy floods.  
 
2.5.1 CAM vs. MAM-3: What is the appropriate age model? 
We have shown that CAM and MAM-3 ages are in agreement in 1 σ-level for 9 of 12 samples 
except for Sen10, Sen3 and Sen8. The MAM-3 ages for these samples are mainly based upon 
aliquots having relatively low precisions (Fig. S6). The distributions of all the three samples 
are not skewed but very broad, suggesting that the application of the minimum age model may 
not be really suitable.  
Moreover, the CAM and MAM-3 ages broadly cover the same age ranges, indicating a 
Pleniglacial to Late Glacial deposition. Despite the favouring of most MAM-3 results due to 
the decision process by Arnold et al. (2007), CAM ages are used for interpretation because 
results of De histograms (Fig. S5) and radial plots (Fig. S6) indicate a constant reliability of 
CAM De values. There are no significant age inversions and ages can be put into a palaeo-
environmental context. As stated above, MAM-3 ages were likely to be derived using only a 
few and very imprecise aliquots (Fig. S6). However, it might be possible that the CAM ages 
from the alluvial fan and floodplain facies are slightly overestimated, because most of these 
samples show different ages between quartz and feldspar, suggesting that the bleaching envi-
ronment was not ideal.  
 
2.5.2 Comparison of results with previous studies  
Luminescence dating of quartz and feldspar by Fehrentz and Radtke (1998, 2001) for the up-
permost Augustdorf pit strongly differs from our results. Their quartz ages range from 
~50 to 25 ka and feldspar ages from ~26 to 7 ka, ours from 25 to 19 ka (quartz) and 27 to 20 ka 
(feldspar). This large difference in age might be explained by the applied method of 
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Fig. 3: Facies associations, age and stratigraphy of all samples of the (A) Oerlinghausen and 
(B) Augustdorf pit. For all samples, the age is given with 1 and 2σ uncertainty.  
 
luminescence measurements (multiple aliquot additive dose and regenerative dose techniques). 
However, luminescence ages of quartz and feldspar by Lang and Fehrentz (1998) for aeolian 
dune deposits northwest of Schlangen are not consistent with our results as well. Their quartz 
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ages range from ~16 to ~7 ka and feldspar ages from ~10 to ~5 ka. This difference in age 
might have various reasons. 1) The aeolian deposits from the Schlangen area (Fig. 1B) might 
be younger in age than those exposed in the Oerlinghausen and Augustdorf pits. 2) The differ-
ent applied luminescence methods (additive dose-methods) used for stimulation (quartz signal 
stimulation with green light diodes emitting at 500-550 nm) may have led to the determination 
of different ages.  
 
2.5.3 Sedimentology 
The drying-upward succession of the upper Senne resembles Upper Pleistocene fluvial-aeolian 
deposits from the Netherlands (e.g., Kasse et al., 2007) and Poland (e.g., Zieliński et al., 2011). 
Calculated CAM ages for the alluvial deposits of the Senne indicate a deposition during 
~30 to 20 ka. This succession is overlain by aeolian sandsheet deposits, which range in age 
from approximately 20 to 13 ka. An important marker horizon in northwest European Upper 
Pleistocene fluvial-aeolian deposits is the so-called Beuningen Gravel bed that resulted from 
deflation under polar desert conditions, indicating strong cooling and increasing aridity be-
tween 17 ka and 15 ka (Kasse et al., 2007; Bateman, 2008; Vandenberghe et al., 2009). 
The observed prominent unconformity on top of the alluvial fan deposits might be corre-
lated with the Beuningen gravel event. Subsequently, aeolian sandsheets were deposited post-
dating this unconformity. The intercalated palaeosols in the uppermost aeolian deposits indi-
cate a rapid climatic warming during the Late Glacial (Skupin, 1994; Kasse et al., 2007). Pe-
dostratigraphical marker horizons (palaeosols) in Late Glacial deposits are common (e.g., the 
Usselo and Finow soil) and known from many areas in NW and Central Europe. Radiocarbon 
dates of the Usselo and Finow soil indicate an Allerød pedogenesis, separating deposits of the 
Older and Younger Dryas (Skupin, 1994; Kasse, 2002; Kasse et al., 2007; Kaiser et al., 2009) 
and reflecting a phase of surface stability (Kasse et al., 2007). Unlike the Dutch fluvial-aeolian 
deposits, evidences for permafrost, such as ice-wedge casts (Kasse, 1997, 2002) and cryoturba-
tion features, have not been found in the upper Senne deposits.  
 
2.6 Conclusions 
This study presents new luminescence ages from 12 samples from two outcrop sections of the 
upper Senne. Coarse-grain feldspar and quartz measurements were performed and age results 
of two statistical models (CAM, MAM-3) are discussed. The following conclusions can be 
drawn: 
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• The deposits of the uppermost Senne consist of an alluvial fan and aeolian sandsheet suc-
cession that was deposited during the Pleniglacial to Late Glacial; 
• Feldspar pIRIR290 results tend to be older than quartz and feldspar IR50 ages for the alluvi-
al deposits, probably indicating heterogeneous bleaching of the pIRIR290 signal of the allu-
vial deposits; 
• Results from quartz CAM ages (~30-13 ka) seem to be most reliable because De values 
show the best precision and the lowest relative error; 
• The alluvial fan deposits (~30-20 ka) are unconformably overlain by aeolian sandsheet 
deposits, which range in age from approximately 20 to 13 ka. The unconformity at the base 
of the aeolian sandsheet deposits might be correlated with the Beuningen gravel event that 
is thought to represent a deflation lag, formed under polar desert conditions, indicating 
strong cooling and increasing aridity between 17 ka and 15 ka; 
• Intercalated palaeosols in the uppermost aeolian deposits point to a rapid climatic warming 
during the Late Glacial. 
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Fig. S3: Dose recovery ratios of selected feldspar and quartz 
samples. 
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Fig. S4: (A) Dose response and decay curve for the Oerlinghausen samples in order of 
depth (d) (continued on the next page). 
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Fig. S4: (B) Dose response and decay curve 
for the Augustdorf samples in order of depth 
(d).  
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Fig. S5: (A) De histograms of the Oerlinghausen samples in order of depth (d) including 
CAM De and MAM-3 De values. n1 = number of accepted aliquots, σOD = overdisper-
sion, c = skewness, k = kurtosis (continued on the next page). 
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Fig. S5: (B) De histograms of the Au-
gustdorf samples in order of depth (d) in-
cluding CAM De and MAM-3 De values. n1 
= number of accepted aliquots, σOD = over-
dispersion, c = skewness, k = kurtosis.  
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Fig. S6: (A) Radial plots of the Oerlinghausen samples in order of depth (d). CAM De 
values and their 2σ uncertainty are grey, MAM-3 De values and their 2σ uncertainty are 
blue. n1 = number of accepted aliquots (continued on the next page).  
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Fig. S6: (B) Radial plots of the Augustdorf 
samples in order of depth (d). CAM De 
values and their 2σ uncertainty are grey, 
MAM-3 De values and their 2σ uncertainty 
are blue. n1 = number of accepted aliquots. 
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Abstract 
The exact number, extent and chronology of the Middle Pleistocene Elsterian and Saalian gla-
ciations in northern Central Europe are still controversial. This study presents new lumines-
cence data from Middle Pleistocene ice-marginal deposits in northern Germany, giving evi-
dence for repeated glaciations during the Middle Pleistocene (MIS 12 to MIS 6). The study 
area is located in the Leine valley south of the North German Lowlands. The data set includes 
digital elevation models, high-resolution shear wave seismic profiles, outcrop and borehole 
data integrated into a 3D subsurface model to reconstruct the bedrock relief surface. For nu-
merical age determination, we performed luminescence dating on 12 ice-marginal and two 
fluvial samples. Luminescence ages of ice-marginal deposits point to at least two ice advances 
during MIS 12 and MIS 10 with ages ranging from 461±34 to 421±25 ka and from 376±27 
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to 337±21 ka. The bedrock relief model and different generations of striations indicate that 
the older ice advance came from the north and the younger one from the northeast. During 
rapid ice-margin retreat, subglacial overdeepenings were filled with glacilacustrine deposits, 
partly rich in re-worked Tertiary lignite and amber. During MIS 8 and MIS 6, the study area 
may have been affected by two ice advances. Luminescence ages of glacilacustrine delta de-
posits point to a deposition during MIS 8 or early MIS 6, and late MIS 6 (250±20 to 161±
10 ka). The maximum extent of both the Elsterian (MIS 12 and MIS 10) and Saalian glacia-
tions (MIS 8? and MIS 6) approximately reached the same position in the Leine valley and was 
probably controlled by the formation of deep proglacial lakes in front of the ice sheets, pre-
venting a further southward advance. 
 
3.1 Introduction 
Considerable uncertainty still exists regarding the exact timing and number of Middle Pleisto-
cene glacial advances into northern Central Europe. The most complete glaciation record is 
preserved in the North Sea Basin where continuous subsidence created accommodation space 
for Pleistocene glacial and interglacial sediments (Stewart and Lonergan, 2011). Since 2000, 
numerous seismic studies have been carried out in the North Sea area, providing evidence for 
seven glaciations during the Middle and Late Pleistocene (Huuse and Lykke-Andersen, 2000; 
Sejrup et al., 2005; Lutz et al., 2009; Stewart and Lonergan, 2011). However, the age control is 
poor and age estimations are mainly based on a correlation with borehole data from the Bay of 
Biscay (Toucanne et al., 2009b).  
The oldest glaciation probably occurred during Marine Isotope Stage (MIS) 12, which is 
in accordance with data from the Bay of Biscay, from where a first significant clastic pulse is 
recorded (Toucanne et al., 2009b). The coalescence of the Fennoscandian and British ice 
sheets in the North Sea Basin favoured a re-direction of the Central European drainage system, 
a higher meltwater discharge and an increased clastic input into the English Channel and Bay 
of Biscay (Toucanne et al., 2009a, b). Further glaciations, mainly indicated by the formation of 
tunnel valleys, are attributed to ice advances during MIS 10, MIS 8, MIS 6, MIS 4 and MIS 2 
(Stewart and Lonergan, 2011).  
Three major glaciations have been reconstructed from the terrestrial record of northern 
Central Europe (Ehlers et al., 2011; Houmark-Nielsen, 2011; Marks, 2011), referred to as El-
sterian, Saalian and Weichselian glaciations (Fig. 1A). Data from Great Britain (Gibbard and 
Clark, 2011; Lee et al., 2011), Denmark (Houmark-Nielsen, 2011), the Netherlands (Laban and 
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Fig. 1: (A) Hill-shaded relief model (SRTM data) of northern Central Europe, showing the maxi-
mum extent of Pleistocene ice sheets (modified after Ehlers et al., 2011). (B) Close-up view of the 
study area. Black boxes refer to close-ups of the studied areas (C, D, E) and the bedrock relief model 
(Fig. 11). (C) Hill-shaded relief model of the Schliekum/Sarstedt area with location of boreholes and 
seismic profiles. For sedimentary logs see Figs 8 and 9. The hill-shaded relief model is based on da-
ta from the Landesvermessung und Geobasisinformation Niedersachsen LGLN. (D) Hill-shaded re-
lief model of the Betheln delta with location of the seismic profile and luminescence samples. The 
hill-shaded relief model is based on data from the Landesvermessung und Geobasisinformation Nie-
dersachsen LGLN. (E) Hill-shaded relief model of the Freden ice-marginal complex, showing dif-
ferent sediment bodies with palaeocurrent directions and location of luminescence samples. The hill-
shaded relief model is reconstructed from old topographic maps (1901/1937). 
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van der Meer, 2011) and Poland (Marks, 2011) indicate that the Elsterian glaciation occurred 
during MIS 12 (Fig. 2), whereas data from northern Germany point to this glaciation
during MIS 10 (Geyh and Müller, 2005; Litt et al., 2007). The correlation with Marine Isotope 
Stages was mostly performed on the basis of overlying interglacial sediments and only very 
few absolute ages of glacigenic deposits exist (Pawley et al., 2008).  
The number of MIS 12 and MIS 10 ice advances is somewhat unclear and varies from one 
in Poland and Great Britain (Gibbard and Clark, 2011; Marks, 2011), two in the North Sea area 
(Cohen and Gibbard, 2010; Gibbard and Clark, 2011; Houmark-Nielsen, 2011; Marks, 2011; 
Stewart and Lonergan, 2011) to up to three in Denmark (Houmark-Nielsen, 2011) and northern 
Germany (Caspers et al., 1995; Eissmann, 2002; Litt et al., 2007; Ehlers et al., 2011; Stephan, 
2014). The ice advances occurred from the north and/or northeast (Caspers et al., 1995; Eiss-
mann, 2002; Litt et al., 2007; Gibbard and Clark, 2011; Houmark-Nielsen, 2011; Laban and 
van der Meer, 2011; Stewart and Lonergan, 2011; Stephan, 2014), indicated by the clast com-
position of tills and the orientation of the subglacial tunnel valleys.  
Well-preserved Holsteinian interglacial deposits in northern Central Europe are mainly 
found in tunnel valleys or overdeepened glacial basins that acted as depocentres and kept the 
fine-grained interglacial deposits from erosion (Eissmann, 2002; Lang et al., 2012). New U/Th 
dating proves a MIS 9 age for Holsteinian deposits in northern Germany (Geyh and Müller, 
2005; Frechen et al., 2007; Sierralta et al., 2011; Urban et al., 2011).  
In a few sites in the Netherlands, Denmark and Poland, glacigenic sediments occur that 
might indicate a glaciation during MIS 8. During this time, the North Sea Basin was most like-
ly occupied by an extensive ice sheet (Beets et al., 2005; Hall and Migoń, 2010; Houmark-
Nielsen, 2011; Laban and van der Meer, 2011; Marks, 2011; Kars et al., 2012). In contrast, 
infrared radiofluorescence ages of fluvial deposits in eastern Germany range from 306±23 ka 
to 149±8 ka, pointing to a long period without glaciations during MIS 9 to early MIS 6 
(Krbetschek et al., 2008).  
Sediments of the MIS 6 Drenthe and Warthe glaciation are widespread in northern Central 
Europe and well dated (Wallinga et al., 2004; Busschers et al., 2005, 2008; Houmark-Nielsen, 
2011; Kars et al., 2012). These two ice advances probably occurred during a short time span of 
approximately 20 000 years at the end of MIS 6 (155 to 135 ka) (Litt et al., 2007; Busschers et 
al., 2008; Krbetschek et al., 2008), although luminescence ages cluster at around ~250 ka, 
~190 ka and ~155 ka (Fehrentz and Radtke, 1998; Preusser, 1999; Wallinga et al., 2004; Lüth-
gens et al., 2011; Kars et al., 2012).  
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In total, three Saalian ice advances have been mapped in northern Germany. The glaciers 
advanced from the north and northeast and the southernmost advance is linked to the older 
Saalian Drenthe glaciation (Caspers et al., 1995; Eissmann, 2002; Litt et al., 2007; Ehlers et al., 
2011). In this study, we provide new luminescence ages of Middle Pleistocene ice-marginal 
deposits of the Leine-valley fill south of the North German Lowlands. The data set, including 
digital elevation models, outcrop data, borehole data, and high-resolution shear wave seismic 
profiles, allows for a reconstruction of the stratigraphic valley-fill architecture, which will con-
tribute to a better understanding of the glaciation history of northern Central Europe.  
Fig. 2: Chronostratigraphy of the Pleistocene in northern Central Europe. 
 
3.2 Regional setting and previous research 
The study area is located in the Leine valley between Hannover and Freden, south of the North 
German Lowlands (Fig. 1A, B). The valley is flanked by several up to 450 m high mountain 
ridges, built-up by Mesozoic sedimentary rocks. The north-south trending structure of the 
Leine valley was recently investigated by Vollbrecht and Tanner (2011). It partly belongs to a 
larger graben system (Leinetal Graben), which initially formed in the Late Cretaceous to Early 
Cenozoic as a response to north-south compression, causing east-west extension. Significant 
tectonic movements continued until the Pliocene and strike-slip movements, caused by the 
northwest-southeast directed alpine compression, led to the formation of several small pull-
apart basins, which provided local accommodation space for Pleistocene deposits.  
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Since the beginning of the 20th century, numerous studies have been carried out in the 
Leine valley area to reconstruct the former ice-margins and map economically important ice-
marginal and fluvial deposits. More detailed studies were based on landform and provenance 
analysis of Pleistocene fluvial and ice-marginal deposits (Rausch, 1977; Rohde 1983, 1994; 
Kaltwang, 1992). Based on these previous studies, the Leine valley was probably overridden 
by both the Middle Pleistocene Elsterian and Saalian ice sheets (Fig. 1A). The Saalian Warthe 
and Weichselian ice sheets did not reach the study area and were located approximately 100 
and 150 km further towards the northeast, respectively (Fig. 1A; Caspers et al., 1995; Ehlers et 
al., 2011). 
The southernmost occurrence of ice-marginal deposits in the Leine valley is recorded from 
Freden (Fig. 1B), which has been related to the ice front position of the Saalian Drenthe ice 
sheet. During both Middle Pleistocene glaciations, glacial lakes were dammed in the Leine 
valley and its tributaries due to the northward blockage of drainage pathways. Mapped glacila-
custrine sediments consist of up to 50 m thick fine-grained lake bottom sediments and up to 60 
m thick coarse-grained ice-marginal deposits, which have been used as water-surface indica-
tors (Winsemann et al., 2007, 2011b).  
 
3.3 Methodology 
3.3.1 Sedimentology 
Three sand and gravel pits and 1730 borehole logs were used to analyse the Leine-valley fill 
deposits. Additionally, three new cores (KB01, KB02, KB03) were acquired near Schliekum 
(Fig. 1C). Fourteen samples were taken from these cores and from outcrops for luminescence 
dating (Fig. 1C, D, E; Table S1). Outcrops and cores were measured at the scale of individual 
beds, documenting grain size, bed thickness, bed contacts, bed geometries, and internal sedi-
mentary structures. In outcrop sections, palaeoflow directions were determined from clast im-
brications and planar cross-stratification.  
 
3.3.2 Provenance analysis 
For heavy mineral analysis, transparent heavy minerals with a density greater than 2.70 g cm-³ 
were taken. A total of 250-300 grains were counted per mount under an optical microscope 
(Henningsen, 1983). In two cases (KB02_373-385, KB02_1060-1074), only 180 grains could 
be counted because of the scarcity of transparent heavy minerals. Minerals were divided into 
two groups regarding their provenance: (i) Scandinavian/Baltic provenance, represented main-
ly by garnet and mostly green-coloured hornblende, as well as minerals of the epidote group 
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and kyanite; and (ii) a southern provenance of the catchment area of the River Leine and We-
ser, characterised especially by augite, orthopyroxene, and basaltic hornblende, in the second 
place also by tourmaline, zircon and apatite (Henningsen, 1983).  
For clast composition analysis of the cores, at least 300 pebble-sized gravel clasts (6.3 to 
>20 mm) were counted per sample. Clasts were divided into three groups regarding their prov-
enance: (i) Scandinavian/Baltic provenance, represented mainly by crystalline rocks (gneiss, 
granite), quartzite and flint; (ii) clasts derived from the adjacent Mesozoic bedrock and river 
catchments, mainly characterised by Triassic and Cretaceous sandstone, limestone (Mus-
chelkalk and Plänerkalk), and marlstones (Flammenmergel); and (iii) clasts derived from the 
Palaeozoic bedrock of the river catchments, represented mainly by lydite and greywacke 
(Rausch, 1977; Rohde, 1983; Lepper, 1984).  
 
3.3.3 Shear wave seismic profiles 
Three shear wave seismic reflection profiles were acquired and analysed in order to determine 
the larger-scale architecture of the Leine-valley fill near Schliekum/Sarstedt. Seismic lines 1 
and 2 trend approximately west-east and are 643 and 500 m long, respectively. Seismic line 3 
runs north-south perpendicular to seismic line 1 and is 185 m long. Lithological control is pro-
vided by the newly acquired cores (KB01, KB02, KB03) and older borehole logs (Fig. 1C). 
For the seismic survey, we combined a shear wave land streamer consisting of 120 transverse 
horizontal (SH) geophones (10 Hz resonant frequency) in 1-m intervals with a small, electro-
dynamic-driven SH shaker source system mounted on a wheel barrow unit (Polom, 2006), op-
erating in transverse horizontal (SH) mode (Table S2). Maximum target depth was 70 m. The 
seismic SH body wave type was used because it achieves up to 10 times higher resolution than 
P-wave seismic, resulting in a vertical resolution of ~0.5 m and a lateral resolution starting at 
0.5 m near the surface, decreasing to ~12 m at 50 m depth (Polom et al., 2013). The shear wave 
vibroseis method (Crawford et al., 1960; Ghose et al., 1996) was utilised with a 20-160 Hz 
linear increasing sinusoidal sweep of 10 s duration as seismic source signal. 
Seismic data processing focussed on shear wave velocity analysis after pre-processing of 
the raw data. Elevation static corrections have been applied relative to the highest peaks of the 
profiles. Post stack Finite Difference (FD) migration using a maximum dip aperture of 
70 degrees was applied in the time domain to reduce diffraction effects of point and edge scat-
tering above basement reflections and for true dip imaging. Time-to-depth conversion by a 
carefully smoothed velocity field derived from stacking velocities has been undertaken. Fur-
ther information on seismic acquisition parameters are summarised in Table S2.  
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The seismic profiles were described using the scheme of Mitchum et al. (1977). The seis-
mic attributes amplitude and continuity were used for the analysis of the reflector patterns. In 
the standard seismic interpretation workflow, the seismic facies types are grouped into packag-
es, referred to as seismic-stratigraphic units, bounded by seismic reflectors (Brown and Fisch-
er, 1977; Posamentier and Vail, 1988).  
 
3.3.4 3D subsurface modeling (GOCAD®) 
To reconstruct the Mesozoic bedrock relief and the thickness and spatial distribution of the 
Pleistocene deposits, the 3D subsurface modeling software GOCAD® was used. The bedrock 
relief model is based on 1730 borehole logs. It is 25 km long and 15 km wide, covering an area 
of 375 km². For borehole log interpretation, the software GeODin was used, allowing the rapid 
display of logs and cross-sections. The high-resolution digital elevation model (DEM 5) was 
integrated as reference surface. The geological input data were then integrated into GOCAD to 
reconstruct the bedrock relief surface and the thickness and spatial distribution of the overlying 
Pleistocene deposits. Subsequently, the modelled surfaces were used to create maps.  
 
3.3.5 Luminescence dating 
For numerical age determination, we performed luminescence dating using coarse-grained 
feldspar and quartz minerals from 12 ice-marginal and two fluvial samples. Outcrop samples 
were taken using opaque metal tubes with a length of 11 cm and a diameter of 10 cm. Tubes 
were hammered into the freshly cleaned sediment face and sealed with aluminium foil. Cores 
were collected in opaque PVC liners with a diameter of 10 cm. The opaque liner was subse-
quently split lengthwise using an electric saw and a stainless steel plate was hammered into the 
core to divide it into halves. One half was immediately packed in opaque black plastic bags to 
avoid exposure to light. Sampling for luminescence dating was carried out under subdued red 
light in the luminescence laboratory. The outer ends of cores as well as the upper parts of the 
core halves were discarded to avoid sampling material possibly exposed to light.  
 
3.3.5.1 Laboratory procedures and analytical equipment 
From outcrops and undisturbed cores, 350-750 grams of sand were taken. Pure monomineralic 
coarse-grained (100-200 µm) quartz and potassium-rich feldspar minerals were prepared using 
a procedure of drying at ≤50°C, sieving and a subsequent chemical treatment with hydrochlo-
ride acid, disodium oxalate and hydrogen peroxide. In order to separate potassium-rich feld-
spar and quartz minerals, density separations were carried out. Quartz minerals were addition-
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ally etched with hydrofluoric acid to avoid contribution of the alpha-irradiated outer part of the 
mineral and to remove feldspar contamination. Aliquots with 2.5 mm diameter were mounted 
on 9.8 mm stainless steel discs using silicone spray as an adhesive.  
Both feldspar and quartz luminescence signals were measured with three automated Risø 
TL/OSL readers (DA-20) with calibrated 90Sr/90Y beta sources (1.48 GBq = 40 mCi), deliver-
ing between 0.11 and 0.14 Gy s-1. Feldspar signal was stimulated by pulsing by infrared (IR) 
light emitting diodes (LED) at 870 nm. The feldspar luminescence signal was detected during 
the off-periods of each pulse cycle in the blue-violet region (320-460 nm) with a Schott 
BG39/Corning 7-59 filter combination. Stimulation of the quartz signal was performed with 
blue LED, emitting at 470 nm. The quartz luminescence signal was detected through a Hoya 
U-340 filter, transmitting in the ultra violet region (280-380 nm). Measurements were carried 
out in 2012 at the Leibniz Institute for Applied Geophysics (Hannover, Germany). 
 
3.3.5.2 Dose rate determination 
After drying at ≤50°C, either 50 or 700 g of the homogenised samples were filled in plastic 
containers. To assure equilibrium between radon and its daughter nuclides, beakers were 
sealed and stored for at least six weeks before measurement. Concentrations of uranium, thori-
um and potassium were obtained using high-resolution gamma spectrometry. Dose rates were 
then calculated using conversion factors of Adamiec and Aitken (1998). The water content for 
all samples was measured and set to an average value close to the measured one. Dosimetry 
results and dose rates are documented in Table 1. 
 
3.3.5.3 Equivalent dose De determination 
Feldspar De values were determined using a pulsed infrared stimulated luminescence (IRSL) 
single aliquot regenerative (SAR) dose protocol. IR stimulation was carried out at 50°C for 
400 s with 50 µs on-time and 200 µs off-time, and only off-time signal was recorded to obtain 
a stable luminescence signal (Tsukamoto et al., 2006; Table S3A). Pulsed IRSL signal meas-
ured at 50°C (IR50) was used to reduce anomalous fading from feldspar (see Fading tests and 
Luminescence characteristics) because this signal is much more light-sensitive than more 
commonly used elevated temperature post-IR IRSL (pIRIR) signal (Thiel et al., 2011; Buylaert 
et al., 2012). It is therefore more suitable for dating glacigenic sediments. Nonetheless, we also 
tested an elevated temperature pIRIR protocol after Thiel et al. (2011) using a preheat at 320°C 
for 60 s, IR stimulation at 50°C for 100 s, and a post-IR stimulation at 290°C for 200 s (pI-
RIR290). pIRIR290 results were then compared to pulsed IR50 results. De values of the pIRIR290 
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signal were about 100-150 Gy higher than those of the pulsed IR50 signal (Fig. 3A, B). How-
ever, some agreement does exist regarding the lower doses of both signals as the mean De val-
ue of the pulsed IR50 signal (734 Gy) corresponds with the ‘leading edge’ of the pIRIR290 
(721-750 Gy; Fig. 3B). This is probably because some grains measured by pIRIR290 were not 
well bleached prior to deposition and yielded higher De values, but well bleached grains gave 
the same De values by both method. We used the pulsed IR50 signal for De and age determina-
tion because this signal is faster to bleach than the pIRIR290 signal. For quartz measurements, a 
double SAR protocol was used (Murray and Wintle, 2000, 2003; Table S3B). 
At least 10 aliquots per sample were measured, and only aliquots passing the following 
criteria were used: recycling ratio limit within 10% of unity; maximal test dose error 10%; 
signal intensity larger than 3 sigma above background. Dose response curves were fitted with a 
saturating exponential function to calculate De values. Measurement error of 2.0% was as-
sumed. For feldspar samples, after subtracting a late background of the last 50 s, the middle 
part of the decay curve (21-60 s) was used, which showed negligible anomalous fading when 
compared to the initial parts (0-10 s and 11-20 s, respectively) of the decay curve (Fig. 3C) 
(see Luminescence characteristics). For quartz samples, the initial 0.5 s of the signal were used 
after subtracting an early background of 0.7-4.0 s (Cunningham and Wallinga, 2010).  
 
3.3.5.4 Dose recovery and recycling ratio tests 
Dose recovery tests were conducted to check the suitability of the SAR protocol towards our 
samples under laboratory conditions. Initially, minerals were bleached for 4 h by a solar simu-
lator. A dose close to the expected natural one was given and the same SAR protocol was ap-
plied to check if the given dose could be accurately recovered. The SAR protocol is considered 
to be suitable when dose recovery ratios are within 1-sigma standard error of unity (0.9-1.1; 
Wintle and Murray, 2006).  
However, dose recovery ratios were too low, with values of 0.76±0.01 (Fre2) and 
0.78±0.01 (KB02_656-670), which may have been a result of possible sensitivity changes prior 
to or during preheat, which could not be corrected by the SAR protocol. In order to check 
whether the low dose recovery ratio originated from the solar simulator bleaching, we decided 
to apply both the pIRIR290 (three aliquots) and the pulsed IR50 (six aliquots) protocols to sam-
ple KB01_664-675. Aliquots were bleached within the reader for 2000 s using IR diodes, fol-
lowed by a pause of 5000 s, bleached again for 2000 s and given a dose close to the expected 
natural one. Dose recovery ratios of the pIRIR290 signal were too high (1.65±0.03; Fig. 3D), 
indicating that the pIRIR290 protocol does not work for our samples. The pulsed IR50 dose re-
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covery results were excellent (see Luminescence characteristics). Ultimately, three aliquots of 
each sample were bleached within the reader. Feldspar samples were treated with the above 
mentioned procedure, whereas quartz minerals were bleached for 1000 s by blue diodes, fol-
lowed by a pause of 5000 s and bleached again for 1000 s.  
We also checked if the sensitivity change correction was accurately measured by conduct-
ing recycling ratio tests and calculating recycling ratios. The same dose was applied at both the 
beginning and the end of the SAR cycle. If sensitivity changes were properly corrected for, the 
ratio of these two doses should ideally be within 10% of unity (0.9-1.1; Wintle and Murray, 
2006). Results of dose recovery and recycling ratio tests are documented in Table 2A.  
 
3.3.5.5 Fading tests 
Feldspar minerals are known to suffer from a phenomenon called anomalous fading (e.g., 
Spooner, 1994), which leads to underestimated IRSL ages. Several age correction models have 
been proposed which are mostly applicable to the ‘linear’ part (young samples, up to 50 ka; 
e.g., Huntley and Lamothe, 2001) and in some cases also to the ‘non-linear’ part of the dose 
response curve (older samples; Lamothe et al., 2003; Kars et al., 2008). However, correction 
models for older samples have not yet been tested thoroughly enough. Although Huntley and 
Lamothe (2001) advise against application of their model on older samples, Buylaert et al. 
(2011) successfully applied it to Eemian (MIS 5e) sediments. Their results were in good 
agreement with both independent age control and quartz optically stimulated luminescence 
(OSL) ages. Therefore, Buylaert et al. (2011) concluded that the age restriction of up to 50 ka 
given by Huntley and Lamothe (2001) may be too strict and that their fading correction may 
also be applicable to older samples. However, all of these age correction models include as-
sumptions, which are untestable in the laboratory and it is therefore recommended to use those 
parts of the IRSL signal, which are less or not affected by fading (e.g., Thiel et al., 2011). We 
used the pulsed IR50 signal, which has been proven to show less fading (Tsukamoto et al., 
2006), and additionally tested for the presence of possible fading. We applied fading tests and 
calculated fading rates (g-values) after Huntley and Lamothe (2001) using three aliquots of six 
chosen samples (Bet1, Fre1, Fre4, Fre5, KB01_664-675, KB02_373-385), which were found 
to be representative for the rest of the samples of the same outcrop and core. For low g-values 
of up to 1.0-1.5% per decade (Buylaert et al., 2012), the signal fading during burial time can be 
considered negligible, thus uncorrected IR50 feldspar ages can be used for further interpreta-
tion. Similar g-values were also measured using the post-IR IRSL signal from infinite old sam-
ples whose natural signal is in saturation (Thiel et al., 2011; Buylaert et al., 2012). The natural 
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signal would never reach a saturation level, if there is anomalous fading. Thus, Thiel et al. 
(2011) and Buylaert et al. (2012) concluded that small fading rates (less than ~1.5% per dec-
ade) could be laboratory artefacts. Fading rates, fading-corrected and fading-uncorrected IR50 
feldspar ages are given in Table 2A.  
Fig. 3: (A) Histograms of the pulsed IR50 (upper) and pIRIR290 (lower) proto-
cols of sample KB01_664–675 based on 14 aliquots each, including their mean 
feldspar De and CAM De values. (B) Weighted histograms of De values derived 
using the pulsed IR50 (light grey circles, solid line) and pIRIR290 (dark grey cir-
cles, dashed line) signals of sample KB01_664-675. The pulsed IR50 De values 
are consistently lower than the pIRIR290 De values. (C) g-value(t) and De(t) plot 
of sample KB01_664-675 using the pulsed IR50 SAR protocol. The g-value(t) 
plot shows high g-values (grey squares) during initial stimulation time and lower 
g-values for the mid-part of the decay curve. The De(t) plot is characterised by 
stable De values (black circles), forming a flat, plateau-like trend line. The dot-
ted line marks the mean pulsed IR50 De value (734 Gy) of the analysed aliquot. 
Error bars represent 1-sigma standard error. (D) Dose recovery ratios of sample 
KB01_664-675 using the pulsed IR50 (light grey circles) and the pIRIR290 (dark 
grey circles) protocols, respectively. Pulsed IR50 dose recovery ratios are within 
1-sigma standard error of unity (solid and dashed lines) (Wintle and Murray, 
2006). Error bar represents 1-sigma standard error. 
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3.3.5.6 Age calculation 
Uncorrected IR50 feldspar ages were calculated using the mean De value of all accepted ali-
quots. Additionally, weighted means were calculated using the central age model (CAM; Gal-
braith et al., 1999), which assumes a natural distribution of the De values and takes additional 
dispersion resulting from measurement uncertainties into account. The standard deviation of 
this distribution is called overdispersion (σOD) and represents statistically unaccounted varia-
tions, which are due to extrinsic (incomplete bleaching, post-depositional mixing, small-scale 
dosimetry variations) and intrinsic factors (instrument reproducibility, thermal transfer, count-
ing statistics). The impact of the latter on the De values is reflected by dose recovery tests (cf. 
Hilgers, 2007).  
Additional quartz OSL measurements were performed for samples KB02_373-385 and 
KB02_656-670, which gave young IR50 feldspar ages (Table 2B). As both quartz and feldspar 
signals have different bleaching behaviours, agreement of quartz and feldspar ages is indicative 
of good bleaching conditions; thus pointing to well-bleached feldspar samples. Therefore, an 
age discrepancy implies that the feldspar minerals had been insufficiently bleached (Murray et 
al., 2012). Depositional quartz ages were obtained using the CAM (Table 2B).  
 
3.4 Results 
3.4.1 Luminescence characteristics 
Feldspar dose recovery ratios range from 0.93±0.01 (Fre4) to 1.03±0.03 (Fre2) and quartz dose 
recovery ratios are 0.88±0.04 (KB02_373-385) and 0.96±0.08 (KB02_656-670; Table 2). 
These values are within the 1-sigma standard error of unity (0.9-1.1; Wintle and Murray, 
2006), confirming the applicability of the used SAR protocol.  
Feldspar recycling test ratios range from 0.99±0.04 (Bet2, Bur1, KB02_1579-1590) to 
1.05±0.04 (KB02_373-385, KB02_656-670), quartz recycling ratios are 0.99±0.04 
(KB02_373-385) and 1.01±0.04 (KB02_656-670; Table 2). All values are within 10% of unity 
(0.9-1.1; Wintle and Murray, 2006), implying that the applied SAR protocol corrects properly 
for sensitivity chances.  
Based on the accepted De values, we created De histograms and dose response and decay 
curves. Six representative De histograms and dose response and decay curves (KB01_1060-
1074, KB02_656-670, KB02_1579-1590, Fre1, Fre4, Bet2) are shown in Fig. 4. Most of the 
De histograms show Gaussian-like and narrow distributions, suggesting good bleaching condi-
tions. Two samples (KB02_656-670, Fre4) have slightly positively skewed distributions 
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Fig. 4: De histograms (top) and dose response and decay curves (bottom) of luminescence samples 
(A) sample KB01_1060-1074, (B) sample KB02_656-670, (C) sample KB02_1579-1590, (D) sam-
ple Fre1, (E) sample Fre4 and (F) sample Bet2. De histograms are characterised by mainly Gaussi-
an-like and narrow De distributions. Mean feldspar De (solid line) and CAM De values (dashed 
black line) are shown. Dose response curves display exponential growth. Natural doses (white dia-
monds), recycling ratios (white circles) and decay curves (insets) are shown. 
 
with outliers at higher doses (Fig. 4B, E), suggesting that some grains may have not been suf-
ficiently bleached (Olley et al., 1999), which may lead to a possible overestimation of the de-
termined depositional age.  
Fading tests results were analysed to decide which part of the decay curve is associated 
with the most stable part of the signal (lowest g-values). The initial part of the decay curve (0-
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10 s, 11-20 s) is characterised by considerably higher g-values (up to 4.42±0.46%/decade; 
Fre4), whereas the middle part (21-60 s) shows low g-values (~1.0±0.3%/decade; Fre4; 
Fig. 3C). We therefore chose the middle part of the decay curve for De and g-value determina-
tion. Calculated g-values range from 0.5±0.4%/decade (Fre4, KB01_664-675, KB01_1060-
1074, KB01_1441-1453) to 1.4±0.2%/decade (Fre1, Fre2; Table 2A), which is considered to 
be negligible (see Fading test; Buylaert et al., 2012). We therefore used uncorrected IR50 feld-
spar ages for interpretation.  
Quartz CAM ages range from 117±9 ka (KB02_656-670) to 116±10 ka (KB02_373-385; 
Table 2B). They are in perfect agreement with the determined uncorrected IR50 feldspar ages 
of 121±14 ka (KB02_656-670) and 115±10 ka (KB02_373-385; Table 2A), implying that the 
feldspar minerals have been well bleached (Murray et al., 2012).  
 
3.4.2 Depositional architecture and luminescence ages of Middle Pleistocene ice-marginal 
sediments 
The depositional architecture of the Leine-valley fill has been reconstructed from geological 
maps (1:25 000, 1:50 000), borehole logs, outcrop data and high-resolution shear wave seismic 
profiles.  
The clast composition of ice-marginal deposits mainly consists of material derived from 
the adjacent Mesozoic bedrock (67-89%) or re-sedimented older fluvial material (2-19%), in-
cluding clasts from Palaeozoic bedrock of the river catchment area. Clasts with a Scandinavi-
an/Baltic provenance commonly amount to 14-16% (Table S4). The heavy mineral association 
is characterised by a high percentage of garnet (21-46%), hornblende (14-31%) and epidote 
(21-29%; Table S5), indicating a Scandinavian/Baltic provenance. Both clast and heavy min-
eral associations are characteristic for meltwater deposits (Rausch, 1977; Henningsen, 1983).  
 
3.4.2.1 The Freden delta 
The Freden delta and subaqueous fan complex marks the southernmost occurrence of ice-
marginal deposits in the Leine valley (Fig. 1B). The deposits are up to 60 m thick, directly 
overlie Mesozoic bedrock and form part of a larger ice-marginal complex, which was formerly 
exposed in several pits approximately 4 km northwest of Freden over an altitude range of 140-
200 m a.s.l. (Winsemann et al., 2007). Parts of the Freden delta and subaqueous fan complex 
are still exposed in the large Ulrich pit (Figs 1E, 5), consisting of steeply to moderately dip-
ping, planar and trough cross-stratified pebbly sand and climbing-ripple cross-laminated 
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Fig. 5: Sedimentary facies of the Freden ice-marginal deposits with sample location and lu-
minescence age estimates. For location see Fig. 1E. (A). Glacitectonic thrust sheets, erosively 
overlain by sandy channel-fill deposits. (B) Close-up view of A, showing a till layer in the 
hanging wall of a thrust fault. (C) Close-up view of A, showing the deformed zone below a 
glacitectonic thrust sheet. (D) Large slope-cutting channel complex, deeply incised into delta-
foreset deposits. (E) Steeply dipping delta-foreset deposits, characterized by planar and trough 
cross-stratified pebbly sand. Sample Fre2 was taken from delta-toeset deposits approximately 
200 m further to the south (left). 
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sand. Winsemann et al. (2007) assumed that the oldest ice-marginal deposits consist of a suba-
queous fan complex, which was overlain by delta deposits during ice-margin retreat. However, 
new data from outcrops, boreholes and geomorphology indicate that the Freden ice-marginal 
deposits have a more complex depositional architecture. The oldest deposits are probably ex-
posed in the western part of the Ulrich pit, comprising steeply dipping sand-rich delta-foreset 
and delta-toeset deposits (delta body I; Figs 1E, 5E). These sediments were shed from a north-
eastern source. In the northeastern pit, this delta body is onlapped by fine-grained channelised 
delta or subaqueous fan deposits (delta body II), which differ in sedimentary facies and palaeo-
current directions (Figs 1E, 5A). These sediments comprise flow till layers, are partly affected 
by glacitectonic deformation and are overlain by till (Fig. 5B, C). In the western pit, the sand-
rich lowermost delta body (I) is erosively overlain by coarse-grained channelised deposits that 
belong to a younger delta body (III) that was shed from a western source (Fig. 1E).  
Four samples were taken from delta-foreset (Fre1) and delta-toeset (Fre2) deposits (delta 
body I) and two slope-cutting channel complexes (Fre4, Fre5) of delta body II and delta body 
III (Figs 1E, 5). Uncorrected IR50 feldspar ages range from 250±20 (Fre2) to 241±27 ka (Fre1) 
and from 196±19 (Fre4) to 161±10 ka (Fre5; Table 2A). 
 
3.4.2.2 The Betheln delta 
The Betheln delta is located about 23 km northeast of Freden (Fig. 1B). It is ~1.5 km wide and 
~3.5 km long (Fig. 1D), and overlies Mesozoic bedrock. Deposits are exposed in two large 
sand and gravel pits (Fischer pit and Burgstemmen pit; Fig. 1D).  
In the upper portion of the Betheln delta, coarse-grained deposits are exposed over an alti-
tude range of ~135-150 m a.s.l., characterised by the typical tripartite structure of Gilbert-type 
deltas, comprising delta-topset, delta-foreset and delta-bottomset deposits (Fig. 6A). Delta-
bottomset beds consist of trough cross-stratified and climbing-ripple cross-laminated pebbly 
sand and medium- and fine-grained sand. Delta-foreset beds consist of matrix- or clast-
supported, massive or normally graded gravel and planar-parallel and trough cross-stratified 
pebbly sand. Delta-foreset beds dip steeply towards the southwest and west.  
The lower portion of the delta complex is exposed over an altitude range of 100-
116 m a.s.l. in the Burgstemmen pit (Fig. 1D). The succession consists of climbing-ripple 
cross-laminated fine-grained sand, silt and clay, overlain by large-scale cross-stratified gravel 
and coarse- to fine-grained sand (Fig. 6C).  
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Fig. 6: Sedimentary facies and depositional architecture of the Betheln delta with sam-
ple location and luminescence age estimates. For location see Fig. 1D. (A) Coarse-
grained delta-foreset deposits, unconformably overlying sand-rich delta-toeset depos-
its; Fischer pit. Photo courtesy of M. Wahle. (B) Shear wave seismic profile, measured 
south of the Fischer pit. For location see Fig. 1D. Seismic unit V can be correlated with 
the delta-foreset deposits exposed in the Fischer pit. (C) Coarse-grained delta mouth-
bar deposits of the lower portion of the Betheln delta; Burgstemmen pit. Photograph 
courtesy of L. Pollok. 
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3.4.2.3 Shear wave seismic profile at the Fischer pit 
A seismic profile was measured to determine the larger-scale architecture of the Betheln delta 
(Figs 1D, 6B). The Mesozoic bedrock is unconformably overlain by up to 40 m thick delta 
deposits. The lateral and vertical stacking pattern indicates two transgressive-regressive cycles. 
The oldest depositional units (I-IV) are laterally stacked and step basinwards. Seismic units I to 
IV are characterised by an internal continuous parallel, partly hummocky reflector pattern with 
an equidistant spacing. The external geometry is convex-up. These mound-shaped delta lobes 
are 190-290 m wide and 5-16 m thick. Seismic unit V rests on top of seismic units I, II and III 
and is up to 16 m thick. The internal reflector pattern is characterised by partly parallel contin-
uous reflectors in the east that pass down-slope into westward dipping, inclined discontinuous 
reflectors. Seismic unit V is onlapped by seismic unit VI, which has a continuous, partly slight-
ly transparent parallel or inclined reflector pattern.  
Samples Bet1, Bet2 and Bur1 were taken from the upper (Fischer pit; Figs 1D, 6A) and 
lower portion (Burgstemmen pit; Figs 1D, 6C) of the Betheln delta complex, giving uncorrect-
ed IR50 feldspar ages, ranging from 452±31 (Bur1) to 430±25 ka (Bet1) and 421±25 ka (Bet2; 
Table 2A).  
 
3.4.2.4 Shear wave seismic profiles at Schliekum/Sarstedt 
Seismic line 1 has been measured on different road surfaces (concrete and asphalt), which 
leads to a slightly different signal transfer function, influencing the shear wave propagation 
velocity (~1200 m s-1 for concrete, 800 m s-1 for asphalt) and therefore also the reflector pat-
tern. Below the asphalt (profile sector ~275-600 m) the reflector pattern is relatively wide-
spaced, whereas below the concrete the reflector pattern is smaller-spaced. The seismic profile 
1 shows seven vertically and laterally stacked depositional units that represent time units, 
where seismic unit 1 is the oldest and seismic unit 7 the youngest (Figs 1C, 7A).  
The Mesozoic bedrock is characterised by a high-amplitude continuous parallel reflector pat-
tern and is unconformably overlain by seismic unit 1 (Fig. 7A). This unit is up to 8 m thick and 
characterised by a continuous to discontinuous subhorizontal, slightly convex-up and inclined-
parallel reflector pattern. Seismic unit 2 has a concave-up external geometry, with a maximum 
thickness of 10.5 m and a maximum width of approximately 175 m (Fig. 7A). The internal 
basal reflectors are continuous parallel and partly concentric. The reflectors of the upper half of 
the seismic unit are discontinuous and more transparent. Seismic unit 1 is overlain by seismic 
unit 3, characterised by a continuous to partly discontinuous, slightly transparent, parallel re-
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flector pattern that passes towards the east into an inclined reflector pattern. Seismic unit 3 is 
up to 5 m thick (Fig. 7A).  
Fig. 7: Shear wave seismic profiles 1, 2 and 3, which were measured near Schliekum/Sarstedt. (A) 
Shear wave seismic line 1. (B) Shear wave seismic line 2. (C) Shear wave seismic line 3. For location 
see Fig. 1C. 
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Seismic unit 4 is laterally continuous and covers the whole section (Fig. 7A). It overlies 
unit 3 in the western part of the profile, in the central part it overlies seismic unit 2 and in the 
eastern part it directly rests on seismic unit 1 (Fig. 7A). In the western part, the reflector pat-
tern is parallel, continuous to slightly discontinuous. In the central part of the section, it passes 
into an inclined, wider-spaced, slightly transparent reflector pattern. The thickness ranges from 
approximately 1-7 m. In the east, it is characterised by a discontinuous, moderately transparent 
reflector pattern (Fig. 7A). Seismic unit 5 is up to 4.7 m thick and pinches out towards the east. 
It has a parallel, continuous reflector pattern in the western part. In the very west, the reflector 
pattern is more discontinuous, more transparent and slightly inclined (Fig. 7A). Seismic unit 6 
is only present on the eastern section, is up to 8 m thick and has a wide-spaced, discontinuous 
and partly transparent parallel reflector pattern (Fig. 7A). Seismic unit 7 has a very discontinu-
ous, parallel partly transparent reflector pattern (Fig. 7A). 
Seismic line 2 shows three vertically stacked depositional units (Fig. 7B). The Mesozoic 
bedrock is characterised by a high-amplitude continuous parallel reflector pattern and is uncon-
formably overlain by seismic unit 2. Seismic unit 2 has a concave-up external geometry, is up 
to 21 m thick and approximately 250 m wide. The internal reflector pattern is discontinuous, 
hummocky and convex-up. The mound-shaped elements are 22-45 m wide and up to 8 m thick. 
These elements are shingled and vertically stacked. Seismic unit 2 is overlain by seismic 
unit 8, which is 1.5-6 m thick and laterally pinches out towards the east. The reflector pattern 
seems to be discontinuous parallel, but the low thickness of the unit makes it very difficult to 
define. Seismic unit 9 covers the whole section, is 1.5-7.7 m thick and characterised by a dis-
continuous, parallel, partly inclined reflector pattern. 
As in seismic line 2, in seismic line 3, three seismic units are mapped, unconformably 
overlying Mesozoic bedrock (Fig. 7C). Seismic unit 2 is 18.5-20 m thick and characterised by 
a discontinuous, hummocky, convex-up reflector pattern. Individual mound-shaped elements 
are up to 100 m wide and up to 16.5 m thick. These elements are shingled. Seismic unit 2 is 
overlain by seismic unit 8, which is 2.3-7.5 m thick and displays a discontinuous, parallel, part-
ly inclined reflector pattern. Seismic unit 9 is approximately 3 m thick and has a very discon-
tinuous, diffuse reflector pattern. 
Seismic unit 1 is interpreted as fine-grained glacilacustrine delta deposits, based on the 
small-spaced, mound-shaped and inclined reflector pattern (Winsemann et al., 2009, 2011a), 
the sedimentary facies (core KB02, 11.60-16.75 m; Fig. 8; Table S6) and heavy mineral asso-
ciation (Table S5). The occurrence of an intercalated till (core KB02, 14.35-15.55 m; Fig. 8) 
may point to ice-margin oscillations (e.g., Lønne, 1995).  
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Fig. 8: Sedimentary log and photographs of core KB02. Location and estimated ages of lumines-
cence samples are shown.  
 
Seismic unit 2 is interpreted as a fill of a larger subglacial meltwater channel or subglacial 
basin, respectively (e.g., Rohde, 1983; Cook and Swift, 2012). The mound-shaped architectural 
elements in seismic lines 2 and 3 (Fig. 7B, C) indicate fine-grained prodelta and delta-lobe 
deposits (Correggiari et al., 2005; Winsemann et al., 2007, 2011a). The climbing-ripple cross-
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laminated and cross-stratified delta slope deposits (Table S6) are partly rich in reworked or-
ganic material and lignite (core KB01, 6.22-16.89 m; Fig. 9), which has been eroded from old-
er Early Pleistocene and Tertiary deposits (B. Urban, pers. comm., 2012). In combination with 
the southward palaeoflows, indicated by the lateral stacking pattern of delta lobes, seismic unit 
2 is interpreted as a glacilacustrine delta complex.  
Seismic unit 3 is interpreted as a fluvial deposit of the River Leine with a high basal con-
tent of reworked glacigenic material, based on the subhorizontal reflector pattern and the re-
gional stratigraphic correlation (Rohde, 1983). 
Seismic unit 4 represents glacifluvial deposits, characterised by pebble- to cobble-gravel 
with a high amount of Scandinavian/Baltic material (Fig. 8; Table S4).  
Seismic unit 5 is interpreted as a fluvial deposit of River Leine based on the subhorizontal 
reflector pattern, and clast and heavy mineral compositions (e.g., Rohde, 1983).  
Seismic unit 6 has not been cored. Correlation with outcrop and borehole data further 
north (Fig. 1C) indicates that these deposits most probably consist of fluvial deposit of River 
Leine (Lüttig, 1960; Rohde, 1983).  
Seismic unit 7 is interpreted as aeolian sand sheets and loess, partly deposited on wet sur-
faces (Schokker and Koster, 2004; Meinsen et al., 2014).  
Seismic unit 8 and 9 consist of coarse-grained fluvial gravel (Fig. 9; Table S4) interpreted 
to represent deposits of the River Leine and Innerste (Rohde, 1983).  
From seismic units 1, 2 and 5, seven luminescence samples were taken from glacilacus-
trine and fluvial deposits of cores KB01 and KB02. For core KB01, uncorrected IR50 feldspar 
ages are 376±27 ka (KB01_664-675), 365±24 ka (KB01_1060-1074) and 337±21 ka 
(KB01_1441-1453; Table 2A). For core KB02, uncorrected IR50 feldspar ages are 461±34 ka 
(KB02_1579-1590), 435±33 ka (KB02_1344-1355), 121±14 ka (KB02_656-670) and 115±10 
ka (KB02_373-385; Table 2A). Quartz CAM ages are 117±9 ka (KB02_656-670) and 116±10 
ka (KB02_373-385; Table 2B).  
The deposits of seismic units 3, 4, 6, 8 and 9 were not dated because either they were not 
cored or their grain size was inappropriate for luminescence dating. 
 
3.5 Discussion 
3.5.1 Reliability of the luminescence ages 
The luminescence dating results and analysis of the stratigraphic architecture of the Leine-
valley fill point to repeated glaciations during the Middle Pleistocene (MIS 12, MIS 10, MIS 8 
and MIS 6; Fig. 10). However, the dating of glacigenic sediments is generally considered to be  
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Fig. 9: Sedimentary log and photographs of core KB01/KB03. Location and estimated ages of lumi-
nescence samples are shown. For symbol explanations see Fig. II.8. 
 
challenging because deposits may have been poorly bleached. Numerical age dating of glaci-
genic sediments is sparse (Fuchs and Owen, 2008) but has successfully been applied to Angli-
an (Elsterian MIS 12) glacifluvial and glacilacustrine sediments in Great Britain (Pawley et al., 
2008, 2010), early Saalian glacigenic sediments in Denmark (Houmark-Nielsen, 2011), Saalian 
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glacifluvial sediments in northern Germany (Fehrentz and Radtke, 1998; Preusser, 1999), Saal-
ian glacifluvial sediments in Finland (Pitkäranta et al., 2014) and modern glacifluvial sedi-
ments of the Svalbard archipelago in the Arctic Ocean (Alexanderson and Murray, 2012). 
However, in our case study, moderate feldspar dose rate values (1.8-3.2 mGy a-1; Table 2A) 
and high feldspar De values (up to 1000 Gy; Table 2A) pushed us close to the limit of lumi-
nescence dating techniques. To check for the robustness of our data, we will discuss possible 
causes of age under- and overestimations.  
 
 
 
 
 
 
Fig. 10: Correlation of the determined uncorrected (black) 
and fading-corrected (grey) IR50 feldspar ages (ka) with the 
marine isotope stages (Lisiecki and Raymo, 2005). Error 
bars represent 1-sigma standard error. Chronostratigraphical 
units are based on this study. 
 
3.5.1.1 Age underestimation 
Age underestimation can occur if (i) anomalous fading is significant, and/or (ii) the natural 
signal is close to saturation. As for (i), an IRSL signal loss can result in age underestimation. 
As discussed above, the pulsed IRSL protocol was chosen to obtain a luminescence signal 
which is stable, more light-sensitive and less fading-dependent than other signals. The study of 
Buylaert et al. (2011) encouraged us to apply the fading correction model of Huntley and 
Lamothe (2001) to check for possible fading. The calculated fading rates were generally low 
(≤1.4±0.2%/decade; Table 2A) and consistently below the threshold of 1.5%/decade (Buylaert 
et al., 2011), therefore a fading correction was considered to be negligible. As shown in Ta-
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ble 2A and Fig. 10, the fading-corrected feldspar ages lie in most cases within the same marine 
isotope stages as the fading-uncorrected ones.  
As for (ii), underestimated depositional ages can be obtained when the natural signal is 
close to saturation. However, all of our mean De values were <2 D0 (D0 is the characteristic 
saturation dose) or 86% of the saturation level (Table 2A; Wintle and Murray, 2006; Buylaert 
et al., 2012). We assume that age underestimation caused by (nearly) saturated De values did 
not occur and can be excluded.  
Consequently, we conclude that the effect of age underestimation for our samples, if any, 
is very small and will not affect our interpretation.  
 
3.5.1.2 Age overestimation 
The main possible cause for age overestimation is related to insufficient bleaching, which can 
be due to (i) insufficient bleaching of the sediment itself, and/or (ii) incorporation of subglaci-
ally eroded older material (Frechen et al., 2004; Fuchs and Owen, 2008; Houmark-Nielsen, 
2008). As for (i), we were able to double-date two fluvial samples (KB02_373-385, 
KB02_656-670), whose quartz and feldspar ages agreed perfectly (Table 2). Interestingly, 
these samples had the highest overdispersion values (16.5 and 25.8%; Table 2A), suggesting 
insufficient bleaching to some extent. This observation, however, contradicts the good quartz 
and feldspar age agreement.  
The overdispersion values for most of the glacigenic samples are low (0.0-7.1%; Ta-
ble 2A), indicating that these deposits are likely to have been well bleached. Three samples 
(Fre2, Fre4, Fre5) had overdispersion values ranging from 11.9 to 17.4% (Table 2A), which 
might indicate poorer bleaching.  
Evaluation of De(t) plots can help to detect the bleaching characteristics (Bailey, 2003; 
Thomas et al., 2006; Fuchs and Owen, 2008), because a flat and plateau-like De(t) plot is char-
acteristic of good bleaching conditions. Fig. 3C shows a fairly flat De(t) plot with De values 
slightly fluctuating around the mean De value. This is in accordance with luminescence dating 
results of glacigenic sediments from Arctic Russia, where a flat De(t)-plot indicated sufficient 
bleaching, and quartz OSL ages were supported by independent age control (radiocarbon ages; 
Thomas et al., 2006). The study of Alexanderson and Murray (2012) showed that lumines-
cence dating of glacigenic sediments is able to work although larger aliquots (2 mm) are used, 
when previously single-grain or small-sized aliquot measurements were conducted to extract 
only bleached grains of insufficiently bleached glacigenic samples. Given a certain transport 
distance to the ice-margin, glacigenic sediments can be sufficiently bleached (Fuchs and Ow-
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en, 2008; Houmark-Nielsen, 2008; Alexanderson and Murray, 2012). Murray et al. (2012) 
found that ages based on both single-grain and large-sized aliquot measurements do not always 
agree with each other. Additional independent age control favoured the quartz OSL age de-
rived from large aliquots. Based on previous studies and the analyses of our determined De 
values, we do not have strong indications for insufficient bleaching.  
As for (ii), it is possible that older material was incorporated by subglacial erosion or 
slumping, resulting in age inversions (Fig. 10). A subsequent re-deposition of subglacially 
eroded sediment together with younger sediment, which has been bleached to a certain extent, 
can ultimately lead to insufficiently bleached grains, thus overestimated luminescence ages 
(Frechen et al., 2004; Fuchs and Owen, 2008; Houmark-Nielsen, 2008). Frechen et al. (2004) 
showed that such an age overestimation is displayed by a severe disagreement of luminescence 
and radiocarbon ages. In their case, sediment mixture is likely to have occurred due to subgla-
cial erosion and re-deposition from plane-wall jets into a lake. We assume that the glacifluvial 
delta systems of the Leine valley, characterised by subaerial delta plains, are likely to have 
been bleached to some extent (Fuchs and Owen, 2008; Houmark-Nielsen, 2008; Alexanderson 
and Murray, 2012).  
A mixture of differently old sediments may also be caused by slope failure of e.g. steep 
delta systems and re-deposition of slumped material on the lower delta-slope or prodelta area. 
However, additional analysis of De histograms can help to identify this age overestimation by 
detecting a second prominent De peak. We were able to detect only very few outliers at higher 
doses (KB02_656-67, Fre4; Fig. 4B, E) but no significant second peak. However, our results 
are in accordance with the observations by Fuchs and Owen (2008) and Alexanderson and 
Murray (2012), indicating that the effect of age overestimation is likely to be small.  
 
3.5.2 Evidence for repeated glaciations of the Leine valley during the Middle Pleistocene 
From a geochronological point of view, the Leine-valley fill indicates repeated glaciations dur-
ing the Middle Pleistocene (MIS 12 to MIS 6; Fig. 10). This is supported by our sedimentolog-
ical and seismic data, which show a complex valley-fill architecture, which cannot be produced 
by a single ice advance-retreat cycle.  
 
3.5.2.1 Glaciation during MIS 12 and MIS 10 
During the Elsterian glaciation, at least two ice advances occurred into the study area, based on 
luminescence ages of ice-marginal deposits, ranging from 461±34 to 421±25 ka (MIS 12) and 
from 376±27 to 337±21 ka (MIS 10). The bedrock relief model and two different generations 
96 Chapter 3 
Luminescence dating of ice-marginal deposits in northern Germany 
 
 
Fig. 11: Bedrock re-
lief model and mod-
eled thickness and 
spatial distribution 
of Pleistocene de-
posits in the Leine 
valley, based on 
1730 borehole logs. 
For location see 
Fig. 1B. (A) The 
bedrock relief model 
is characterized by a 
northeast-southwest 
trending erosional 
zone with local 
overdeepenings, 
interpreted to have 
formed by subglacial 
erosion during the 
MIS 10 ice advance. 
It cross-cuts a north-
west-southeast 
trending erosional 
zone, which is inter-
preted to have 
formed during MIS 
12. White arrows 
mark the direction of 
two different genera-
tions of striations 
(Jordan and Meyer, 
1967). The older 
striations trend ap-
proximately north-
south, the younger 
ones east-northeast-
west-southwest. (B) 
Modelled thickness 
and spatial distribu-
tion of Pleistocene 
deposits. The dashed 
lines indicate two 
zones of increased 
sediment thickness, 
which are interpreted 
as the fill of subgla-
cially eroded mini-
basins. The inferred directions of ice advances during MIS 12 and MIS 10 are indicated by arrows. (C) 
Map of the Mesozoic and Cenozoic bedrock (modified after Baldschuhn and Kockel, 1987). (D) Struc-
tural map with the location of major salt structures (modified after Kockel, 1996). 
 
of striations (Jordan and Meyer, 1967) suggest an older ice advance from the north and a 
younger ice advance from the northeast (Fig. 11A, B). This is in accordance with data from 
northern and eastern Germany, where two Elsterian tills, separated by meltwater deposits, have 
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been mapped (Caspers et al., 1995; Eissmann, 2002; Litt et al., 2007; Ehlers et al., 2011; Lang 
et al., 2012). The clast composition of the older till is mainly derived from the Norwegian area, 
indicating an ice advance from the north for the older Elsterian glaciation (Meyer, 1970). From 
the Bay of Biscay, a significant input of terrigenous material has been recorded during both 
MIS 12 and MIS 10, also pointing to two separate ice advances during the Elsterian glaciation 
(Toucanne et al., 2009a, b). It is likely that during both ice advances glacial lakes were 
dammed in the Leine valley because of the northward blockage of river drainage systems 
(Fig. 12). During MIS 12, the lake level of glacial Lake Leine must have reached at least 
~155 m a.s.l., as is indicated by the altitude of the foreset-topset transition of the Betheln delta 
(Figs 6, 12A). The Betheln ice-marginal delta complex is characterised by two transgressive-
regressive cycles (Fig. 6B), which might either point to (i) local ice-margin oscillations, caus-
ing the repeated closure and opening of lake overspills; or (ii) two separate ice advances during 
MIS 12, which would be supported by data from the North Sea Basin (Stewart and Lonergan, 
2011), Denmark (Houmark-Nielsen, 2011) and Schleswig-Holstein in northern Germany 
(Stephan, 2014). Alternatively, the older, not exposed delta deposits might be assigned to 
MIS 12, whereas the second delta complex might have been deposited during MIS 10. In this 
case, the depositional age would be overestimated, which is likely to be assigned to incomplete 
bleaching favoured by the combination of high-energy transport processes and a short delta 
plain. An indication for an age overestimation of the younger delta complex might come from 
the underlying bedrock with two different generations of striations (Jordan and Meyer, 1967).  
The MIS 10 ice advance was associated with strong subglacial erosion, indicated by the 
formation of a ~4.0-6.5 km wide, northeast-southwest trending erosional zone with several 
local overdeepenings (Fig. 11A). The geometry and orientation of these overdeepenings were 
controlled by tectonic structures and lithological properties of the Mesozoic and Cenozoic bed-
rock (Fig. 11C, D). These mini-basins are 25-60 m deep, up to 3.5 km long and up to 2.5 km 
wide and correspond in size to many other subglacial basins (e.g., Cook and Swift, 2012). The 
deepest erosional features are developed above salt structures, where highly fractured rocks 
and an increased heat flow (cf. Grassmann et al., 2010) may have favoured bed coupling and 
plucking. Subglacial erosional processes partly included glacitectonic thrusting, as is indicated 
by displaced Cenozoic bedrock (Rohde, 1983). During rapid ice-margin retreat, overdeepen-
ings were filled with fine-grained glacilacustrine deposits, partly rich in re-worked Tertiary 
lignite and amber (Fig. 8), which has also frequently been observed in late Elsterian tunnel 
valleys (Meyer, 2009; Stephan, 2014). 
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The maximum extent of the MIS 12 and MIS 10 ice-margins into the Leine valley is not 
exactly known. We assume that the ice-margin extended a few km further towards the south or 
southwest, respectively.  
 
3.5.2.2 Glaciation during MIS 8? and MIS 6 
During the Saalian glaciation, a renewed ice advance occurred, indicated by extensive till 
sheets and ice-marginal deposits near Freden, marking the maximum Middle Pleistocene ice 
advance into the study area. Luminescence dating of the Freden delta complex gave MIS 8 to 
MIS 7 (250±20 to 241±27 ka) and MIS 7 to MIS 6 (196±19 to 161±10 ka) ages. There are two 
possible explanations for this age difference of about 100 ka. (i) Samples Fre1 and Fre2 have 
been insufficiently bleached, leading to an overestimation of the depositional ages. However, 
insufficient bleaching seems to be unlikely because statistical results indicate Gaussian-like De 
distributions with low overdispersion values, pointing to relatively good bleaching conditions 
(Fig. 4D; Table 2A). Additionally, the relatively fine-grained sandy delta-foreset deposits re-
quire the presence of a larger delta plain, which would have allowed at least a certain bleaching 
degree (Fuchs and Owen, 2008; Houmark-Nielsen, 2008; Alexanderson and Murray, 2012). 
Therefore, we assume that the effect of incomplete bleaching is likely to be small. (ii) There 
have been two different ice advances into the study area and the ice-marginal delta complex 
consists of two different sediment bodies, one of them having a MIS 8 or early MIS 6 age, and 
the other one having a late MIS 6 age. Fig. 1E shows a digital elevation model of the Freden 
delta complex which has been reconstructed from old topographic maps. The oldest delta body 
(Fre1, Fre2) has been shed from a northeastern source (Fig. 1E). The determined luminescence 
ages imply a deposition during MIS 8 to MIS 7 (250±20 to 241±27 ka). We exclude a deposi-
tion during MIS 7 because no deep lake could have formed in the study area without ice-
damming. In the northeastern pit, this delta body (Fig. 5A, C) is onlapped by fine-grained 
channelised delta or subaqueous fan deposits (delta body II), which differ in sedimentary facies 
and palaeocurrent directions (Figs 1E, 5). These sediments comprise flow till layers, are partly 
affected by glacitectonic deformation and are overlain by a basal till (Fig. 5C). Luminescence 
data of overlying younger delta deposits point to an early Saalian age (Fre4, 196±19 ka). In the 
western pit, the sand-rich lowermost delta system is erosively overlain by coarse-grained chan-
nelised deposits (Fre5; Fig. 5D), which were shed from a western source (Fig. 1E) and gave a 
late Saalian age (161±10 ka; Table 2A).  
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Fig. 12: Palaeogeographical reconstruction of glacial lakes (light blue areas) and inferred locations 
of the Middle Pleistocene ice-margins during (A) MIS 12, (B) MIS 10 and (C) MIS 6. 
 
Based on the sedimentological and tectonic history and the luminescence data, we assume 
that the complex depositional architecture of the Freden delta complex is related to two ice 
advances that might have occurred during MIS 8 and MIS 6. This assumption would corre-
spond with data from the Netherlands and Denmark, where amino acid racemization and lumi-
nescence ages cluster at around ~250 ka, thus pointing to an early Saalian glaciations during 
MIS 8 (Beets et al., 2005; Houmark-Nielsen, 2011; Kars et al., 2012). High values of terri-
genous input are also reported for MIS 8 and MIS 6 from the Bay of Biscay (Toucanne et al., 
2009a, b). These assumed two Saalian ice advances may correlate with the deposition of the 
two different tills of the older Saalian Drenthe glaciation in northern Germany (cf. Litt et al., 
2007; Stephan, 2014).  
 
3.6 Conclusions 
• The Middle Pleistocene Leine-valley fill south of the North German lowlands bears evi-
dence for repeated glaciations during MIS 12, MIS 10, MIS 8 and MIS 6. During these 
glaciations, ice-dammed lakes formed in the Leine valley and its tributaries. Based on de-
tailed sedimentological data and the sensitivity analysis of the luminescence data, we as-
sume that the estimated luminescence ages are reliable. Age underestimation can most 
probably be ruled out. The effect of age overestimation for most of the samples is assumed 
to be small.  
• Luminescence dating of ice-marginal deposits point to a deposition between 461±34 to 
421±25 ka (MIS 12) and between 376±27 to 337±21 ka (MIS 10), indicating at least two 
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ice advances into the Leine valley. The MIS 12 advance occurred from a northern and the 
MIS 10 advance from a northeastern direction, indicated by subglacial erosional structures, 
deeply incised into Mesozoic and Cenozoic bedrock. These separate ice advances are cor-
related with the deposition of two Elsterian tills in northern Germany and are consistent 
with the MIS 9 age of interglacial deposits preserved in tunnel valleys.  
• Luminescence dating of the Freden delta complex bears evidence for two separate Saalian 
ice advances into the study area that might have occurred during MIS 8 and MIS 6. Esti-
mated luminescence ages range from 250±20 to 161±10 ka. These two Saalian ice advanc-
es may correlate with the deposition of the two tills of the older Saalian Drenthe glaciation 
in northern Germany.  
• The Elsterian and Saalian ice sheets approximately reached the same position in the Leine 
valley and were probably controlled by the formation of deep proglacial lakes in front of 
the advancing glaciers, which prevented a further southward advance. 
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Table S2: Seismic acquisition parameters. 
Shear wave reflection recording parameters 
Recording system 
 Geometrics Geode, 123 channels 
 (Geometrics Inc., Tulsa OK, U.S.A.),  
 5 modules of 24 channels each (data),  
 1 module of 8 channels (aux) 
Geophone type 
 Single geophone SM6-H 10 Hz 
 (horizontal), 
 SH configuration 
Receiver interval  1 m 
Recording time  12 s (non-correlated) 
Sampling interval  1 ms 
Recording filter  --- 
Polarity  SEG convention 
File format 
Data storage type 
 SEG2 
 Unstacked, non-correlated 
Source 
 ELVIS SH shear wave vibrator,  
 electrodynamic, 
 wheelbarrow mounted 
Source interval  4 m   
Source signal  20-160 Hz linear Sweep, 10 s duration, 
 100 ms cos-taper 
Recording time after 
correlation  2 s 
Vibration count/location  2 ([+Y] – [-Y] alternating vibrations) 
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Table S3: (A) Pulsed IRSL SAR protocol for coarse-grained potas-
sium-rich feldspar measurements; (B) pIRIR protocol for coarse-
grained quartz measurements (KB02_373-385 and KB02_656-670). 
Run (A) Feldspar treatment  
1 
2 
3 
4 
5 
6 
7 
8 
Dose 
Preheat, 60 s @ 250°C 
Pulsed IR stimulation, 400 s @ 50°C (on: 50 µs; off: 200 µs) 
Test dose 
Cutheat, 60 s @ 250°C 
Pulsed IR stimulation, 400 s @ 50°C (on: 50 µs; off: 200 µs) 
Pulsed IR stimulation, 100 s @ 200°C  
Return to step 1 
  
Run (B) Quartz treatment 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Dose 
Preheat, 10 s @ 260°C 
IR stimulation, 100 s @ 50°C 
OSL stimulation, 40 s @ 125°C 
Test dose 
Cutheat 0 s @ 240°C 
IR stimulation, 100 s @ 50°C 
OSL stimulation, 40 s @ 125°C 
Return to step 1 
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1Data from Lüttig (1960). 
2Data from Rausch (1977). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table S4: Clast composition of gravel samples from cores KB01 and 
KB02. Pebble-sized clasts were divided into three groups, regarding their 
provenance: (1) clasts with a Scandinavian/Baltic provenance, (2) clasts 
derived from the adjacent Mesozoic bedrock and river catchments and (3) 
clasts derived from the Palaeozoic bedrock of the river catchments. 
 
Depth 
b.s. (m) 
(1)  
Sc./Ba. 
(%) 
(2)  
Mesozoic 
(%) 
(3) 
Palaeozoic 
(%) 
KB01 
2.00-2.33 
2.33-2.66 
2.66-3.00 
3.35-3.66 
3.66-4.00 
4.40-4.70 
4.70-5.00 
5.00-5.33 
5.33-5.66 
5.66-6.00 
1 
1 
1 
+ 
1 
4 
0 
5 
4 
2 
66 
63 
62 
75 
66 
71 
50 
39 
40 
34 
33 
37 
37 
25 
33 
25 
50 
56 
56 
64 
KB02 
3.35-3.41 
9.25-9.50 
9.50-9.75 
9.75-10.00 
10.20-10.45 
10.45-10.70 
10.70-11.00 
11.00-11.60 
11 
31 
31 
29 
33 
21 
25 
14 
55 
55 
59 
55 
52 
72 
60 
83 
34 
14 
9 
16 
14 
7 
15 
3 
Freden  
16 
13 
14 
70 
72 
67 
14 
15 
19 
Betheln/  
Burgstemmen  
91  
142  
891 
702 
21 
52 
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Table S6: Core description and interpretation (continued on the next page). 
Core Description  Interpretation 
 
KB01 
0.00-2.27 m 
 
 
Core loss 
 
 
-  
2.27-6.22 m Normally graded pebble to cobble gravel with a 
coarse-grained sand matrix. Bed contacts are 
erosive. Individual beds are 40-120 cm thick.  
Fluvial bedload. The normally 
graded gravel probably represents 
migrating 3D dunes (Allen, 
1984). 
6.22-8.55 m Large-scale planar cross-stratified medium-
grained sand, alternating with ripple-trough cross-
laminated medium-grained sand. Beds are 40-80 
cm thick and bed contacts are sharp. Very charac-
teristic is the occurrence of reworked lignite in 
foreset beds.  
Lower to upper delta-slope depos-
its. The large-scale planar cross-
stratified medium-grained sand is 
interpreted to represent 
downslope migrating 2D dunes 
(Clemmensen and Houmark-
Nielsen, 1981; Winsemann et al., 
2007).  
8.55-16.00 m 
 
Climbing-ripple cross-laminated fine-grained sand 
and silt. In the lower succession, climbing-ripple 
cross-laminated beds form 65-145 cm thick fin-
ing-upward successions. Upsection climbing-
ripple cross-laminated beds form 140 cm thick 
thickening and coarsening-upward sequences. 
Very characteristic is the occurrence of reworked 
lignite in ripple foreset beds.  
Lower delta-slope deposits. Thick 
beds with climbing-ripple cross-
lamination indicate high sedimen-
tation rates and deposition from 
sustained waning and waxing 
turbulent flows (Clemmensen and 
Houmark-Nielsen, 1981; Winse-
mann et al., 2007).  
16.00-18.00 m 
 
 
 
Very thin- to thin-bedded (0.1-4 cm) alternations 
of fine-grained sand, silt and clay. Individual beds 
commonly consist of intervals of normally graded 
or massive sand that fines upwards into planar-
parallel laminated and/or ripple cross-laminated 
sand and silt, and finally into laminated or mas-
sive mud. Beds are commonly normally graded 
and show planar-parallel and ripple trough-cross 
lamination. Ripples partly form climbing bed sets. 
Bed contacts are sharp or gradual. Soft-sediment 
deformation structures, such as load casts and 
flame structures are common. Deposits are char-
acterized by metre-scale thickening- and fining-
upward successions. Towards the top, 1-5 mm 
thick layers with reworked lignite are intercalated.  
Lower delta-slope deposits (Lem-
ons and Chan, 1999; Winsemann 
et al., 2007). Normal grading and 
fining of individual beds reflect 
deposition from waning low-
density turbidity currents. The 
frequent soft-sediment defor-
mation structures indicate high 
sedimentation rates.  
 
 
KB03 
18.00-24.22 m 
 
 
 
 
 
 
 
Very thin- to thin-bedded (0.2-7 cm) alternations 
of fine-grained sand, silt and clay. Beds are com-
monly normally graded and/or planar-parallel 
laminated. Bed contacts are sharp, erosive or 
gradual. Soft-sediment deformation structures, 
such as load casts, flame structures, fluid escape 
structures, convolute and contorted bedding are 
common. Deposits are characterized by an overall 
coarsening- and thickening-upward trend. 
 
 
Prodelta or lower delta-slope 
deposits (Lemons and Chan, 
1999). The normally graded 
and/or planar-parallel laminated 
sand, silt and clay is interpreted to 
has been deposited from waning 
low density turbidity currents. 
The frequent soft-sediment de-
formation structures indicate high 
sedimentation rates.  
≥24.22 m Structureless marlstone. Upper Cretaceous bedrock 
(Rohde, 1983). 
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Table S6: Core description and interpretation. 
Core Description  Interpretation 
 
KB02 
0.00-0.75 m 
 
 
Core loss 
 
 
- 
0.75-2.08 m 
 
Massive, planar-parallel and ripple-trough cross-
laminated silt. The deposits show an overall fin-
ing-upward trend.  
Wind ripple cross-lamination, 
partly deposited on a wet surface 
(Schokker and Koster, 2004; 
Meinsen et al., 2014). 
2.08-7.90 m 
 
Ripple-trough cross-laminated silt and planar 
cross-stratified sand and pebbly sand. Bed con-
tacts are sharp. Individual cross-sets are 10-75 cm 
thick. 
Fluvial bedload. The large-scale 
cross-stratified pebbly sand and 
sand represents migrating 2D or 
3D dunes (Allen, 1984). 
7.90-11.00 m 
 
 
Normally graded pebble to cobble gravel with a 
coarse- to fine-grained sand matrix, interbedded 
with ripple cross-laminated sand and silt. Compo-
nents have a high proportion of material derived 
from Scandinavia and/or the Baltic area. Bed 
contacts are sharp. Individual gravel beds are 50-
75 cm thick, sand and silt beds are 10-25 cm 
thick.  
Glacifluvial bedload. The normal-
ly graded gravel probably repre-
sents migrating 3D dunes (Allen, 
1984) 
 
11.00-11.60 m 
 
Normally graded pebble to cobble gravel. The 
matrix consists of coarse- to fine-grained sand. 
Bed contacts are erosive. Individual gravel beds 
are 10-60 cm thick.  
Fluvial bedload. The normally 
graded gravel probably represents 
migrating 3D dunes (Allen, 
1984). 
11.60-14.35 m 
 
Normally graded and ripple-trough cross-
laminated coarse- to fine-grained sand and silt. 
Contorted bedding. Individual beds are 40-70 cm 
thick and bed contacts are mainly sharp.  
Glacilacustrine subaqueous fan or 
delta deposits (Lønne, 1995; 
Winsemann et al., 2009). 
14.35-15.55 m 
 
Massive diamiction. The matrix consists of a 
poorly sorted mixture of clay, silt and fine- to 
coarse-grained sand. Components have a high 
proportion of material derived from Scandinavian 
and/or the Baltic area. One quartzite clast is striat-
ed.  
The striated clast and high con-
tent of components with a Scan-
dinavian and/or Baltic prove-
nance are indicative for a till 
(Rausch 1977).  
15.55-16.75 m 
 
Massive, normally graded, planar and trough 
cross-stratified coarse- to medium-grained sand. 
Beds are 30-45 cm thick. Bed contacts are sharp.  
Glacilacustrine subaqueous fan or 
delta deposits (Lønne 1995; Win-
semann et al., 2009). 
≥16.75 m Structureless marlstone. Upper Cretaceous bedrock 
(Rohde, 1983). 
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Luminescence dating of fluvial deposits from the Weser valley, 
Germany: a comparison with independent age control 
 
Julia Roskosch1), Sumiko Tsukamoto2), Manfred Frechen2) 
 
1)  Institut für Geologie, Leibniz Universität Hannover, Callinstraße 30, D-30167 Hanno-
ver, Germany 
2)  Leibniz Institute for Applied Geophysics (LIAG), Geochronology and Isotope Hydrol-
ogy, Stilleweg 2, D-30655 Hannover, Germany 
 
Abstract 
Luminescence dating was applied on coarse-grained monomineralic potassium-rich feldspar 
and polymineralic fine-grained minerals of five samples derived from fluvial deposits of the 
River Weser in northwestern Germany. We used a pulsed infrared stimulated luminescence 
(IRSL) single aliquot regenerative (SAR) dose protocol with an IR stimulation at 50°C for 
400 s (50 µs on-time and 200 µs off-time). In order to obtain a stable luminescence signal, only 
off-time IRSL signal was recorded. Anomalous fading was intended to be reduced by using the 
pulsed IRSL signal measured at 50°C (IR50), but fading correction was still necessary due to 
moderate fading rates. Performance tests gave solid results. Fading corrected pulsed IR50 ages 
revealed two major fluvial aggradation phases during the Middle and Late Pleistocene, namely 
during marine isotope stage (MIS) 5 (100±5 ka) and from late MIS 5b to MIS 4 (77±6 ka to 
68±5 ka). Our data is consistent with and supported by 230Th/U dating results from underlying 
interglacial deposits of the same pit, which are correlated with MIS 7c to early MIS 6.  
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4.1 Introduction 
Optically stimulated luminescence (OSL) dating has been applied to fluvial deposits in order to 
give new insights into the timing of fluvial aggradation and degradation (e.g., Wallinga, 2002; 
Busschers et al., 2008; Cordier et al., 2010; Lauer et al., 2010). The major difficulty in dating 
fluvial sediments by means of luminescence is mainly caused by the occurrence of insufficient 
bleaching of the luminescence signal, which, if left undetected, can lead to overestimated dep-
ositional ages (e.g.,, Murray et al., 1995; Gemmell, 1997; Olley et al., 1999; Stokes et al., 
2001). In a fluvial environment, insufficient bleaching can be caused by different environmen-
tal conditions, such as water depth, transport distance and the mode of transport. In the water 
column, sunlight is being attenuated and therefore generally hampers the probability for the 
transported minerals to be sufficiently bleached. Furthermore, rapid erosion and transport due 
to storm, high-discharge and flooding events may also limit the time needed for resetting the 
luminescence signal (cf. Wallinga, 2002; Jain et al., 2004; Rittenour, 2008).  
In order to check if the problem related to insufficient bleaching exists, one can perform 
both feldspar and quartz measurement on the fluvial deposits (e.g., Wallinga et al., 2001; Fre-
chen et al., 2008; Cordier et al., 2010; Roskosch et al., 2015). Since the signals of both miner-
als are reset at different rates, an age agreement indicates good bleaching conditions prior to 
deposition (Murray et al., 2012). However, the use of quartz minerals for luminescence meas-
urements is often restricted to younger deposits (e.g., Fuchs and Lang, 2001; Lewis et al., 
2001; Wallinga, 2002; Briant et al., 2006; Busschers et al., 2008) due to its comparably lower 
saturation level. In some rare cases, Middle and Late Pleistocene fluvial deposits could be dat-
ed (e.g., Lewis et al., 2001; Briant et al., 2006; Busschers et al., 2008), which benefited from 
relatively low dose rates (less than 1 Gy ka-1; Briant et al., 2006; Busschers et al., 2008).  
The quartz luminescence signal is much more light-sensitive, thus faster to bleach than the 
feldspar luminescence signal, but feldspar minerals allow for dating comparably older (fluvial) 
sediments (infrared-radiofluorescence used by e.g., Krbetschek et al., 2008; Lauer et al., 2011) 
due to the higher saturation limit of the luminescence signal. Yet, they may suffer from a cer-
tain signal loss over time, referred to as anomalous fading (Wintle, 1973; Aitken, 1985; 
Spooner, 1994). However, in order to identify the limits of different dating methods, including 
their uncertainties, and to calibrate the chronological framework, independent age control can 
be substantially helpful. Independent age control can be provided e.g. by additional radiocar-
bon (14C) dating, electron spin resonance (ESR) dating, amino acid racemization (AAR) or 
uranium-thorium (230U/Th) dating of (i) the sediment itself or of (ii) the under- and/or overly-
ing deposits, depending on the availability of appropriate dating material (e.g., organic matter). 
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Given the fact that results of all applied dating methods are consistent with each other and in 
stratigraphic order, the accuracy and reliability of the performed dating techniques can be 
proven.  
In this study, we present new feldspar luminescence ages of fluvial deposits in northwest-
ern Germany, which are tested against independent age control based on 230U/Th dating of 
underlying interglacial deposits.  
 
4.2 Study area and previous research 
4.2.1 Study area 
The study area is located in the southern Weser valley in northwestern Germany (Fig. 1A) and 
is characterised by up to 530 m high mountain ridges of the Central German Uplands and the 
broad valley of the River Weser (Fig. 1B). Here, the folded Variscan basement is unconforma-
bly overlain by Lower Permian (Rotliegend) red beds, Upper Permian (Zechstein) marine 
evaporites and carbonates, Lower Triassic (Buntsandstein) sandstones and Middle Triassic 
(Muschelkalk) shallow marine sediments (Lepper and Mengeling, 1990; Lepper, 1991). From 
the late Cretaceous to Neogene, these sediments experienced uplift, which led to a subsequent 
incision of the River Weser that formed its isoclinal valley between the Buntsandstein anticli-
nal at its west and the outcropping and steep cuestas of the Lower Muschelkalk at its east dur-
ing the subsequent Neogene to Late Pleistocene (Grupe, 1912, 1929).  
The Nachtigall pit is located at the western flank of the Buntsandstein anticlinal about 
5 km southwest of Holzminden (Fig. 1B). Its sedimentary record comprises Middle Pleisto-
cene (Saalian) fluvial deposits of the River Weser (Winsemann et al., subm.), which are re-
ferred to as Older and Younger Middle Terraces (e.g., Rohde et al., 2012), and are intercalated 
with interglacial limnic and fen peat of the so-called Nachtigall-Complex (Kleinmann et al., 
2011; Waas et al., 2011). Based on Rohde et al. (2012), the fluvial deposits are overlain by 
Late Pleistocene slope sediments and loess. Winsemann et al. (subm.) interpreted the upper 
part of the sedimentary record of the Nachtigall pit as fine-grained floodplain and loess depos-
its.  
 
4.2.2 Previous research 
Reconstruction of the fluvial terrace architecture of the River Weser is largely based on 
lithostratigraphy and topographic height (Rohde, 1983, 1989, 1994). Rohde (1989, 1994) 
mapped up to 11 terrace levels, recording about 170 m of fluvial incision during the 
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Fig. 1: (A) Map of northern central Europe. The black box 
marks the study area. The hill-shaded relief model is based on 
SRTM data. (B) Close-up view of the study area of Weser val-
ley with location of the Nachtigall pit. The hill-shaded relief 
model is based on SRTM data.  
 
Pleistocene. The fluvial terrace architecture is recently being re-examined by Winsemann et al. 
(subm.).  
Studies regarding the deposits of the Nachtigall pit go back to the 19th century (e.g., 
Dechen, 1884; Carthaus, 1886; Koken, 1901). Deposition of the interglacial deposits has been 
assigned to the Holsteinian, based on pollen analysis (Grupe, 1929), and to the Eemian, based 
on their stratigraphic position towards the Middle Terrace deposits (Siegert, 1912, 1921; 
Soergel, 1927, 1939). Much later, Mangelsdorf (1981) performed detailed palynological analy-
sis on the interglacial deposits and proposed a late Comerian age (Bilshausen/Rhume intergla-
cial). The late Cromerian age was not supported by Müller (mentioned in Waas et al., 2011), 
who performed pollen analysis of the interglacial sediments of the Nachtigall pit in 1998 (men-
tioned in Lepper, 1998) and tentatively assumed a Saalian deposition. Recently, 230U/Th da-
tings and palynological studies on the interglacial limnic sediments support these finding and 
refer to a deposition during marine isotope stages (MIS) 7c to early MIS 6 (227 +9/-8 ka to 
177±8 ka; Kleinmann et al., 2011; Waas et al., 2011). Based on these ages, the overlying fluvi-
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al deposits were interpreted to have been deposited during MIS 6 and form part of the Middle 
Terraces that accumulated prior to the Saalian Drenthe glaciation (~155 ka; Kleinmann et al., 
2011; Waas et al., 2011; Rohde et al., 2012).  
 
4.3 Methods 
4.3.1 Sampling and preparation 
Five luminescence samples were taken in 2012 from the fluvial sediments of the Nachtigall pit, 
overlying the 13-25 m thick interglacial deposits (Fig. 2). 230U/Th ages were derived from 
these interglacial deposits (Waas et al., 2011) about 175 m northwest of sample NG1. The 
western part of the pit is characterised by up to 8 m thick deposits, which consist of about 5 m 
thick gravel sheet deposits, that are overlain by up to 1 m thick fine-grained overbank deposits, 
consisting mainly of ripple cross-laminated and planar-parallel laminated silt and silty sand 
(Winsemann et al., subm.). From here, sample NG5 was taken (Fig. 2). These overbank depos-
its are truncated and overlain by about 2 m thick gravel sheet deposits.  
From the eastern part of the pit, samples NG1, NG 2, NG3 and NG4 were taken from up 
to 55 cm thick sandy bedforms, comprising planar-parallel stratified, planar or trough cross-
stratified or ripple cross-laminated medium- to fine-grained sand (Winsemann et al., subm.). 
These sandy deposits are embedded into up to 15 m thick gravel sheet deposits, lateral and 
downstream accretion macroforms. Locally, deposits are overlain by fine-grained floodplain 
deposits and draped by loess. The deposits are characterised by a major bounding surface, sep-
arating the western from the eastern part (Fig. 2). For further details on the large-scale deposi-
tional architecture and sedimentology of the Nachtigall deposits, see Winsemann et al. (subm.).  
Sampling and preparation procedures of the luminescence samples can be found in detail 
in Roskosch et al. (2015). For luminescence measurements, monomineralic coarse-grained 
(150-200 µm) potassium-rich feldspar minerals and polymineralic fine-grained (4-11 µm) min-
erals were used (Table 1). Aliquots were created by mounting coarse-grained minerals on 
9.8 mm stainless steel discs using silicone spray as an adhesive (2.5 mm aliquots), and by 
mounting fine-grained minerals on 9.8 mm aluminum discs from a suspension in acetone.  
Sample preparation and luminescence measurements were performed in 2012 and 2013 at 
the Leibniz Institute for Applied Geophysics (Hannover, Germany), using an automated Risø 
TL/OSL reader (DA-20) with a calibrated 90Sr/90Y beta source (1.48 GBq = 40 mCi). Feldspar 
signals were stimulated by pulsing by infrared (IR) light-emitting diodes (LED). A 
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Fig. 2: Photo panel of the Nachtigall pit. Location 
of luminescence samples and major bounding 
surfaces are shown. The 230U/Th samples by Waas 
et al. (2011) were taken from below the lower 
major bounding surface about 175 m northwest 
from sample NG1. Note that dimensions may be 
distorted due to panorama view.  
 
Schott BG39/Corning 7-59 filter combination 
was used and the feldspar signals were detect-
ed in the blue-violet (320-460 nm) during the 
off-periods of each pulse cycle.  
 
4.3.2 Equivalent dose and dose rate deter-
mination 
A pulsed infrared stimulated luminescence 
(IRSL) single aliquot regenerative (SAR) dose 
protocol was used for feldspar equivalent dose 
(De) determination (Table 2), measuring at 
least 10 aliquots per sample (see Roskosch et 
al., 2015). In order to reduce possible anoma-
lous fading, we chose to measure the pulsed 
IRSL signal at 50°C (IR50) because it has been 
shown to be faster bleachable than the elevat-
ed temperature post-IR IRSL signal (Ros-
kosch et al., 2015). During measurement, IR 
stimulation was carried out at 50°C for 400 s 
(on-time: 50 μs; off-time: 200 μs) and only 
off-time signal was recorded because it was 
found to give a stable luminescence signal 
(Tsukamoto et al., 2006). The net feldspar 
luminescence signal was then calculated from 
the middle part of the decay curve (21-60 s) 
after subtracting a late background of the last 
50 s (see Roskosch et al., 2015). Aliquots 
were accepted when the passed the 
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following criteria: recycling ratio limit within 10% of unity; maximal test dose error 10%; sig-
nal intensity larger than 3 sigma above background. We assumed a measurement error of 
±2.0%. In order to calculate De values, dose response curves were fitted with a saturating ex-
ponential function.  
For dose rate determination, the radionuclide concentration of uranium (238U), thorium 
(232Th) and potassium (40K) was determined by high-resolution gamma spectrometry. For 
coarse-grained feldspar minerals, an internal potassium content of 12.5±0.5 % was assumed 
(Huntley and Baril, 1997). The a-value was set to 0.15±0.05 for monomineralic coarse-grains 
(Balescu and Lamothe, 1994) and 0.08±0.02 for polymineralic fine-grains (cf. Lang et al., 
2003), respectively. Cosmic radiation was corrected for altitude and sediment thickness after 
Prescott and Hutton (1994). Water content was measured and set to an average value of 
10±5 %. Dosimetry results are provided in Table 3. 
 
 
 
 
 
 
 
 
 
4.3.3 Dose recovery and recycling ratio tests 
Dose recovery experiments on three aliquots of each sample were performed prior to De meas-
urements to check for the suitability of the applied SAR protocol under laboratory conditions. 
Within the Risø TL/OSL reader, aliquots were bleached by IR diodes and then given a similar 
beta dose that was close to the natural expected one (2000 s or 271 Gy for samples 
 
Table 1: Basic information on fluvial samples that were taken for luminescence dating using feldspar 
minerals.  
Sample  Lab 
number Longitudes and latitudes 
Depth  
b.s. (m) 
Altitude  
a.s.l. (m) 
Grain size 
(µm) 
NG1 
NG2 
NG3 
NG4 
NG5 
2665 
2666 
2667 
2668 
2828 
E 9°24'11.16" 
E 9°24'11.16" 
E 9°24'10.90" 
E 9°24'9.13" 
E 9°24'7.9" 
N 51°48'30.83" 
N 51°48'30.83" 
N 51°48'31.9" 
N 51°48'31.49" 
N 51°48'31.69" 
9.50 
9.00 
6.70 
6.30 
2.50 
94.00 
94.50 
96.80 
98.70 
99.00 
150-200 
150-200 
150-200 
150-200 
4-11 
Table 2: Pulsed IRSL SAR protocol for feldspar 
measurements. 
Run Treatment 
1 
2 
3 
4 
5 
6 
7 
8 
Dose 
Preheat, 60 s @ 250°C 
Pulsed IR stimulation, 400 s @ 50°C  
Test dose 
Cutheat, 60 s @ 250°C 
Pulsed IR stimulation, 400 s @ 50°C  
Pulsed IR stimulation, 100 s @ 200°C  
Return to step 1 
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NG1, NG2, NG3 and NG4; 3000 s or 401 Gy for sample NG5). Afterwards, the same SAR 
protocol was applied to check if the given dose could be accurately recovered.  
Additionally, recycling ratio tests were conducted by applying the same dose twice, i.e. at 
the beginning and at the end of the De measurement. A recycling ratio value that is within 10% 
of unity (0.9-1.1; Wintle and Murray, 2006) indicates that sensitivity changes which might 
occur during measurement were successfully corrected. Dose recovery and recycling ratios are 
presented in Table 4 and Fig. 3. 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Results of dose recovery and recycling ratio tests.  
 
 
4.3.4 Fading tests and age calculations 
Feldspar minerals have been observed to show an instability of the luminescence signal, which 
is also known as anomalous fading (Wintle, 1973; Aitken, 1985; Spooner, 1994). This signal 
loss over time results in (significantly) lower, thus severely underestimated IRSL ages. Hunt-
ley and Lamothe (2001) proposed a fading correction model, which was applied to three ali-
quots of each of our samples to obtain fading rates (g-values). Based on Thiel et al. (2011) and 
Buylaert et al. (2012), g-values below the threshold of ~1.5% per decade were considered to be 
laboratory artefacts, thus samples with g-values above this threshold called for fading correc-
tions. Fading uncorrected and corrected pulsed IR50 ages are shown in Table 4. 
Final ages were calculated taking into account the mean De values of all accepted aliquots. 
In addition to this, the central age model (CAM; Galbraith et al., 1999) was applied, giving 
weighted means and assuming a natural De distribution. The standard deviation of this distri-
bution represents statistically unaccounted variations and is referred to as overdispersion (σOD).  
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4.4. Results 
For all luminescence samples, dose response curves and frequency-De histograms were created 
based on the accepted aliquots (Fig. 4). Dose response curves are characterised by a saturating 
exponential growth. Histograms are characterised by very narrow and tight De distributions, 
suggesting generally good bleaching conditions. Results of dose recovery and recycling ratio 
tests are all satisfying and in the acceptable range of 10% of unity (0.9-1.1; Fig. 3; Wintle and 
Murray, 2006). Dose recovery ratios range between 0.94±0.04 (NG3) to 1.01±0.01 (NG5; Ta-
ble 4). These results indicate that the applied SAR protocol is able to recover a given dose reli-
ably and creates consistent De values. Recycling ratios range between 1.02±0.04 (NG5) and 
1.04±0.04 (NG1; Table 4). Sensitivity changes that might occur during measurements were 
successfully corrected by the chosen SAR protocol. We therefore believe that our samples 
have experienced good bleaching conditions during transport, which is also reflected by the 
obtained σOD values that were consistently 0.00 % for all samples (Table 4).  
Dose rate results gave values ranging from 3.04±0.13 mGy a-1 (NG1) to 4.58±0.22 mGy  
a-1 (NG5; Table 3). Fading uncorrected and corrected pulsed IR50 ages are presented in Ta-
ble 4. The obtained g-values for all samples were between 2.1±0.4% per decade (NG3) and 
2.7±0.04% per decade (NG2) for monomineralic coarse-grains and 0.6±0.2% per decade 
(NG5) for polymineralic fine-grains and thus clearly above the threshold of 1.5% per decade 
(Thiel et al., 2011; Buylaert et al., 2012), implying that anomalous fading occurred and deter-
mined fading uncorrected pulsed IR50 ages needed correction. The fading corrected pulsed 
IR50 ages are younger than the proposed 230U/Th ages of the underlying interglacial deposits 
(Waas et al., 2011) and point to two major depositional phases. Sample NG5 gave a fading 
uncorrected pulsed IR50 age of 100±5 ka, indicating a Late Pleistocene deposition which can 
be correlated with MIS 5d. Samples NG1 to NG4 gave fading corrected pulsed IR50 ages rang-
ing from 77±6 ka (NG2) to 68±5 ka (NG3), pointing to a Late Pleistocene (Early Weichselian 
to Early Pleniglacial) deposition which can be correlated with late MIS 5b to MIS 4.  
The final depositional ages reveal a chronological gap of about 12 ka. This gap seems to 
coincide with a major bounding surface (Winsemann et al., subm.).  
 
4.5 Discussion 
Feldspar luminescence dating of fluvial samples overlying the interglacial sediments of the 
Nachtigall pit indicate a deposition during MIS 5d and from late MIS 5b to MIS 4. Interpreta-
tion of the large-scale terrace architecture led to the assumption that the fluvial deposits 
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Fig. 4: Representative frequency-De histograms (top) including mean feldspar De values (solid line), 
dose response curves (bottom) and decay curves (inset) of luminescence samples NG1, NG2, NG3, 
NG4 and NG5.  
 
display laterally attached terraces (Winsemann et al., subm.), which form when both rates of 
fluvial aggradation and degradation are balanced (Archer et al., 2011).  
As mentioned before, numerical dating of fluvial deposits is often referred to as a chal-
lenging task (e.g., Wallinga, 2002). Therefore, a well-considered SAR protocol can be of great 
help in order to minimize anomalous fading in feldspar minerals and to obtain a stable lumi-
nescence signal. Anomalous fading was intended to be reduced by using the much more light-
sensitive pulsed IR50 signal for measurements but calculated fading rates were clearly above 
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the threshold of 1.5 % per decade for samples NG1-4 (Thiel et al., 2011; Buylaert et al., 2012) 
and fading correction was considered necessary. Table 4 shows that fading uncorrected pulsed 
IR50 ages were up to about 18 ka younger (NG2) than the fading corrected pulsed IR50 ages.  
 
Fig. 5: Schematic log of the investigated 
deposits of the Nachtigall pit, showing 
lithology, interpretation and final pulsed 
IR50 and 230U/Th ages. The transition 
zone marks the transition from fluvial to 
liminc deposits. Note that this zone of 
about 5 m exists due to the fact that 
the 230U/Th samples of the Nachtigall-
Complex were derived from a core 
drilled about 175 m northwest of sample 
NG1. Here, altitude of the surface during 
drilling was 108.55 m a.s.l. For these 
limnic deposits, lithology boundaries 
were taken from Kleinmann et al. (2011) 
and Waas et al. (2011). For sample NG1, 
surface altitude was 103.5 m a.s.l. For 
better comparison, we provide altitude 
data. 
 
 
 
 
 
 
 
 
However, the major problem in luminescence dating (of fluvial deposits) is assigned to the 
occurrence of insufficient bleaching, resulting in overestimated depositional ages (e.g., Murray 
et al., 1995; Gemmell, 1997; Olley et al., 1999; Stokes et al., 2001). In order to cope with the 
effect and influence of insufficient bleaching, several approaches were proposed. Small-sized 
aliquots or even single grain measurements allow for the detection and extraction of only 
bleached grains of insufficiently bleached samples (e.g., Olley et al., 1998; Duller et al., 1999; 
Duller, 2000, 2008). Nevertheless, we chose to use 2.5 mm-sized aliquots, which have been 
shown to give satisfactory luminescence results from sediments that were prone to insufficient 
bleaching as well (Roskosch et al., 2015). Moreover, based on the very satisfying results of the 
applied performance tests and the evaluation of the frequency-De histograms (Table 4; Fig. 4), 
we are confident that the obtained fading corrected pulsed IR50 ages are reliable and De distri-
butions do not show major detectable and obvious signs of insufficient bleaching. Unfortunate-
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ly, we were not able to date both feldspar and quartz minerals due to the fact that the quartz 
minerals were very likely to be in or close to saturation and thus were useless for age determi-
nation and comparison. However, agreeing feldspar IRSL and quartz OSL ages are considered 
a useful method for identifying the bleaching degree of a sediment (cf. Murray et al., 2012). 
Since the luminescence signals of both minerals are reset at different rates, an age agreement 
points good bleaching conditions. This has been reported from other European sites where 
fluvial sediments had numerically been dated using both feldspar and quartz minerals (e.g., 
Wallinga et al., 2001; Frechen et al., 2008; Cordier et al., 2010; Roskosch et al., 2015). Moreo-
ver, it has been shown that the impact of incomplete bleaching on comparably older sediments 
is (very) small and often considered to be negligible (Duller, 2008) and can be seen as an ad-
vantage over younger sediments where the detection of incomplete bleaching is of major im-
portance and can lead to severe age overestimation is left undetected.  
Comparison with the results of other dating techniques (14C, AAR, ESR, 230U/Th), used as 
independent age control, is another effective approach to evaluate and verify the results (e.g., 
Mol, 1997; Busschers et al., 2007; Schulte et al., 2008; Cordier et al., 2013). The 230U/Th ages 
of the interglacial deposits of the so-called Nachtigall-Succession (cf. Kleinmann et al., 2011; 
Rohde et al., 2012), which were correlated with MIS 7c to early MIS 6 (Waas et al., 2011), and 
our pulsed IR50 ages are in excellent accordance regarding their stratigraphic order, proving the 
reliability and accuracy of both dating methods. However, the luminescence ages both confirm 
and reject the previously established Middle to Late Pleistocene fluvial depositional model 
(e.g., Rohde et al., 2012) and are therefore of considerable value. On the one hand, the occur-
rence of fluvial sediments, which had been deposited after the interglacial MIS 7 and prior to 
the Saalian Drenthe glaciation, could not be verified based on the luminescence dating results. 
On the other hand, the occurrence of Late Pleistocene (Weichselian) fluvial deposits was ex-
pected to occur only in the floodplain area of River Weser (cf. Rohde et al., 2012). The previ-
ous depositional model has to be revised due to the obtained luminescence ages of samples 
NG1 to NG4, pointing to an Early Weichselian to Early Pleniglacial deposition for this part of 
the pit. It is, however, likely that the adjacent valley area is characterised by gravelly and sandy 
fluvial sediments (referred to as Lower Terrace deposits; cf. Rohde et al., 2012), which had 
been deposited afterwards and which are probably underlain by Saalian fluvial deposits, as has 
been described by Rohde et al. (2012). Therefore, the Late Pleistocene sedimentary complex 
seems to have been subdivided into two fluvial sediment bodies (Fig. 5). However, for further 
details on the fluvial terrace architecture, we kindly refer to Winsemann et al. (subm.).  
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The luminescence dating results have shown that comparison with independent age con-
trol is of great importance. Given the considerable value of the obtained luminescence ages, 
additional numerical dating approaches may be performed and thus complement the chronos-
tratigraphic framework of the deposits of the Nachtigall pit.  
 
4.6 Conclusions 
We present new luminescence ages from five fluvial samples of the Nachtigall pit in the south-
ern Weser valley in northwestern Germany. Luminescence measurements on monomineralic 
feldspar coarse-grains and polymineralic fine-grains were performed using a pulsed IRSL SAR 
protocol. Independent age control is given by 230U/Th ages of underlying interglacial deposits 
(Waas et al., 2011).  
• Numerical dating results point two phases of fluvial aggradation, which occurred during 
the Late Pleistocene (Early Weichselian to Early Pleniglacial). One polymineralic fine-
grained sample was derived from fine-grained overbank deposits from the western part of 
the succession and gave a feldspar age of 100±5 ka, correlating with MIS 5d. Four coarse-
grained samples were derived from medium- to fine-grained sandy deposits, interbedded 
into gravel sheet deposits, lateral and downstream accretion macroforms in the eastern part 
of the succession, giving feldspar ages ranging from 77±6 ka to 68±5 ka. These ages point 
to a depositing during late MIS 5b to MIS 4. 
• Luminescence samples passed required performance tests, and results of both dose recov-
ery and recycling ratio tests were satisfyingly acceptable. Overdispersion values are all 
0.00%. Frequency-De histograms are characterised by tight and narrow De distributions. 
Consequently, the effect of insufficient bleaching of our samples, if any, should be negligi-
ble.  
• Correlation with 230U/Th results of underlying interglacial sediments, which gave ages 
ranging from MIS 7c to early MIS 6 (Waas et al., 2011) supports the assumption that the 
overlying fluvial deposits are stratigraphically younger, proving the accuracy and reliabil-
ity of our luminescence data.  
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Discussions of the results of each paper have been provided in detail in the corresponding sec-
tions of this thesis. In order to gain a final overall picture of the findings of this thesis, the geo-
chronological approaches and geological implications will be discussed and evaluated on a 
broader and summarising basis. 
 
5.1 Geochronological discussion 
The deposits under study were primarily derived from depositional environments which are 
considered to be difficult in terms of resetting the luminescence clock prior to deposition. 
Therefore, the main and major challenge was to detect and evaluate the effect of bleaching of 
mostly glacigenic, alluvial and fluvial deposits. Before doing so, the optimal mineral, aliquot-
size and method for De determination had to be found and tested with regard to producing and 
re-producing consistent, robust and reliable luminescence ages.  
In this thesis, monomineralic coarse-grained potassium-rich feldspar minerals were used 
when the expected depositional age was assumed to be relatively old (Chapters 2, 3 and 4). In 
case of low De values, additional monomineralic coarse-grained quartz measurements were 
performed (Münsterland Embayment, Leine valley; Chapters 2 and 3). Polymineralic fine-
grains were used once because this sample was derived from fine-grained (silty) overbank de-
posits (Weser valley; Chapter 4).  
As stated in Chapter 1.3.4.2, feldspar minerals are characterised by a brighter lumines-
cence signal and a higher saturation level when compared to quartz minerals, which makes it 
the ideal choice for dating older deposits (e.g., Buylaert et al., 2011). The chosen SAR proto-
cols for feldspar measurements on medium-sized aliquots (2.5 mm diameter with about 100-
120 grains) were (i) an elevated temperature pIRIR protocol using a preheat at 320°C for 60 s, 
IR stimulation at 50°C for 100 s and a post-IR stimulation at 290°C for 210 s (Chapter 2; Thiel 
et al., 2011), or (ii) a pulsed IRSL SAR protocol using IR stimulation at 50°C for 400 s with 
50 µs on-time and 200 µs off-time (Chapters 3 and 4; Tsukamoto et al., 2006). These protocols 
were chosen because they had either been proved to show negligible anomalous fading (Thiel 
et al., 2011; Buylaert et al., 2012) or used a less-fading dependent and more stable lumines-
cence signal (Tsukamoto et al., 2006). Although several fading correction models exist (e.g., 
Huntley and Lamothe, 2001; Lamothe et al., 2003; Kars et al., 2008), they all incorporate un-
testable assumptions. It is therefore recommended to use the less fading-dependent or even 
non-fading-dependent parts of the IRSL signal, as has been done in all feldspar measurements 
(Chapters 2, 3 and 4). Nevertheless, fading rates were calculated and determined De values 
were corrected in case of fading rates above a threshold of 1.5% per decade (Thiel et al., 2011; 
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Buylaert et al., 2012). Such small fading rates could be laboratory artefacts and were therefore 
considered negligible (Thiel et al., 2011; Buylaert et al., 2012). For the upper Senne deposits of 
the Münsterland Embayment (Chapter 2), mean IR50 g-values were 2.2±0.5% per decade (Oer-
linghausen) and 2.8±0.4% per decade (Augustdorf), and mean pIRIR290 g-values were 
0.8±0.3% per decade (Oerlinghausen) and 1.2±0.3% per decade (Augustdorf), respectively. 
Only IR50 De values were corrected and used for interpretation. For the Leine valley deposits, 
g-values were between 0.5±0.4% per decade and 1.4±0.2% per decade and no fading correc-
tion was performed (Chapter 3). For the Weser valley deposits, g-values were between 
0.6±0.2% per decade and 2.7±0.4% per decade. De values were mostly fading corrected to 
avoid underestimated depositional ages (Chapter 4).  
Monomineralic coarse-grained quartz measurements were conducted on 14 alluvial, aeoli-
an and fluvial samples (Chapters 2 and 3) using a double SAR protocol (Murray and Wintle, 
2000, 2003), which includes an IR stimulation to reduce the feldspar signal prior to stimulation 
of the aliquots with blue LEDs. For the quartz samples of the Münsterland Embayment (Chap-
ter 2), small-sized aliquots (1 mm diameter with about 20-45 grains) were measured. For the 
quartz samples of the Leine valley (Chapter 3), medium-sized aliquots (2.5 mm diameter with 
about 100-120 grains) were measured.  
After measurements, evaluation of the bleaching characteristics of each sample was per-
formed by means of (i) comparison of the obtained luminescence ages with independent age 
control, and/or (ii) double-dating using both feldspar and quartz minerals, and/or (iii) creation 
of De(t) plots, and/or (iv) De histograms, and/or (v) radial plots. As for (i), which had been 
described in publication 3 (Chapter 4), comparison with independent age control is the easiest 
way to identify possible age overestimation and thus poor bleaching conditions (e.g., Murray 
and Olley, 2002; Rhodes et al., 2003; Frechen et al., 2004; Olley et al., 2004; Busschers et al., 
2007; Rittenour, 2008). A significant age disagreement of ages obtained from sediment over- 
or underlying the luminescence dated deposits points to unreliable, inaccurate and imprecise 
ages. However, independent age control for the fluvial deposits of the Nachtigall pit (Chapter 
4) were only available for the underlying interglacial sediments dated by means of 230U/Th 
(Waas et al., 2011). The obtained luminescence ages were consequently interpreted as maxi-
mum depositional ages and further (luminescence) dating approaches were recommended.  
As for (ii), if double dating using both dosimeters is possible, comparison of quartz and 
feldspar ages can be indicative of the bleaching conditions prior to deposition (e.g., Wallinga et 
al., 2001; Frechen et al., 2008; Buylaert et al., 2011; Murray et al., 2012). The reason for this is 
that quartz and feldspar minerals have different bleaching behaviours, where quartz bleaches 
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more rapidly than feldspar (Godfrey-Smith et al., 1988). An age agreement can therefore only 
occur when the dated minerals were sufficiently bleached before burial. In the course of this 
thesis, out of 14 double-dated samples, five samples gave agreeing quartz and feldspar ages. 
These samples were derived from an aeolian environment (Sen5, Aug3, Aug4; Chapter 2) or of 
fluvial character (KB02_373-385, KB02_656-670; Chapter 3). The nine remaining double-
dated alluvial samples (Sen10, Sen1, Sen2, Sen3, Send4, Sen8, Sen9, Aug1, Aug2; Chapter 2) 
were considered to be less well bleached due to the quartz and feldspar age disagreement.  
As for (iii), plotting De values as a function of simulation time and thus creating De(t) 
plots may be of great help in order to evaluate the bleaching characteristics (Huntley et al., 
1985; Bailey, 2003; Vandenberghe, 2003; Thomas et al., 2006; Fuchs and Owen, 2008; 
Preusser et al., 2008). For insufficiently bleached samples, De values are expected to increase 
with simulation time, while a flat and plateau-like De(t) plot is considered to be characteristic 
for good bleaching conditions. This has successfully been performed on glacigenic sediments 
from Russia, where a flat De(t) plot was interpreted to represent sufficiently bleached samples 
and obtained De values were in accordance with 14C ages (Thomas et al., 2006). Contrary to 
this, Fiebig and Preusser (2007) demonstrated that analyses of De(t) plots were not able to fully 
identify the bleaching degree of the dated fluvial deposits. Preusser et al. (2008) therefore sug-
gested that analyses of De(t) plots should not be seen as ‘hard proof’ of sufficient bleaching. 
They may, however, give evidence for the bleaching degree.  
As for (iv) and (v), evaluation of the scatter of De values in histograms and radial plots 
may also be indicative of the sample’s bleaching characteristics (e.g., Galbraith, 1990; Murray 
et al., 1995; Olley et al., 1999; Wallinga, 2002a). Tight, narrow and Gaussian-like De distribu-
tions (bin width = median of the standard errors of the obtained De values), as shown in publi-
cations 2 and 3 (Chapters 3 and 4), have often been interpreted to represent sufficiently 
bleached samples. The same applies to radial plots, when measured aliquots are mostly within 
the 2-sigma level of the average De value (Chapter 2). De histogram and radial plot evaluation 
supported the assumption that the alluvial deposits of the upper Senne area (Chapter 2) were 
not fully bleached bleached, as had been suggested by the disagreeing quartz and feldspar ages. 
De histograms of the glacigenic deposits derived from the Leine valley (Chapter 3) also point-
ed to a certain degree of insufficient bleaching, as they showed some outlier at higher doses. 
Contrary to this, the fluvial deposits from the Nachtigall pit (Chapter 4) were characterised by 
very tight and narrow De distributions, indicating good bleaching conditions. However, the 
amount of grains on each aliquot is to be kept small to avoid averaging effects that may occur 
and conceal the true burial dose (Olley et al., 1999; Wallinga, 2002a).  
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It is therefore mostly recommended to use single-grains or small-sized aliquots with only 
a few tens of grains when dating deposits derived from depositional environments that are 
prone to insufficient bleaching (e.g., Duller, 2008). However, luminescence dating of glacigen-
ic deposits from the Arctic has successfully been conducted by using medium-sized aliquots 
(Alexanderson and Murray, 2012). Furthermore, Murray et al. (2012) measured single-grains 
and large-sized aliquots and found that only the luminescence ages derived from large-sized 
aliquots were in good agreement with independent age control. Therefore, the consistent use of 
medium-sized feldspar aliquots was considered to be suitable and final feldspar ages were cal-
culated using the mean De values of all accepted aliquots.  
Unlike most feldspar grains, quartz minerals derived from the Münsterland Embayment 
(Chapter 2) did not give a bright luminescence signal which would have made a final age cal-
culating simply based on mean De values of all accepted quartz aliquots somewhat difficult. At 
last, quartz CAM ages were taken for interpretation because MAM-3 De distributions were 
very broad and characterised by a very low precision, suggesting that MAM-3 ages were de-
rived from very few and imprecise aliquots. Quartz CAM ages seemed to be very precise and 
most reliable for the uppermost aeolian sediments. They may, however, be slightly overesti-
mated for the rest of the dated sediments due to the occurrence of insufficient bleaching condi-
tions.  
Conclusively, well-considered and adequate measurement procedures and careful analysis 
of the determined De values showed that although samples of all three studied areas were 
clearly prone to insufficient bleaching due to their depositional environment, good bleaching 
conditions seem to have occurred for most of the glacigenic deposits of the Leine valley 
(Chapter 3). Here, the glacifluvial delta systems were likely to be characterised by subaerial 
delta plains that favoured adequate bleaching to some extent (e.g., Fuchs and Owen, 2008; 
Houmark-Nielsen, 2008, Alexanderson and Murray, 2012). The fluvial deposits of the Weser 
valley (Chapter 4) are also likely to have experienced some sort of light exposure although 
insufficient bleaching has often been detected from these depositional environments (e.g., 
Wallinga, 2002b; Rittenour, 2008; Lauer et al., 2010; Popov et al., 2012). Less well bleaching 
conditions seemed to have occurred for the alluvial deposits of the upper Senne, which is prob-
ably due to periodically occurring high-energy floods (Chapter 2).  
 
5.2 Geological implications 
In combination with detailed sedimentological, seismic and borehole data, the obtained lumi-
nescence ages clearly prove that the Middle and Late Pleistocene glaciation history of northern 
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Germany is much more complex than has long been assumed. For the first time, at least two 
separate ice advances could be reconstructed for the Middle Pleistocene Elsterian glaciation 
during MIS 12 (461±34 to 421±25 ka) and MIS 10 (376±27 to 337±21 ka; Chapter 3). These 
findings may not agree with data from Poland and Great Britain, where only one Elsterian ice 
advance was reconstructed (e.g., Gibbard and Clark, 2011; Marks, 2011). Yet, they are in ac-
cordance with data from the North Sea area, Denmark and northern Germany, where up to 
three ice advances were assumed (e.g., Cohen and Gibbard, 2010; Houmark-Nielsen, 2011; 
Caspers et al., 1995; Eissmann, 2002; Litt et al., 2007; Ehlers et al., 2011; Stephan, 2014). 
However, solely based on the luminescence ages from the Betheln pit in the Leine valley that 
gave uncorrected IR50 ages ranging from 452±31 to 421±25 ka (Chapter 3), it is difficult to 
assign both ice advances to MIS 12 or one occurring during MIS 12 and the other one occur-
ring during MIS 10. This is due to the fact that insufficient bleaching has been considered to 
have only had a negligible impact but it could not be fully excluded. Based on the geochrono-
logical and seismic results from the Sarstedt/Schliekum area of the Leine valley (Chapter 3), 
both MIS 12 and MIS 10 glaciations were reconstructed. The MIS 10 ice advance was associ-
ated with strong subglacial erosion, indicated by the formation of an erosional northeast-
southwest trending zone with local overdeepenings. These formations correspond well with 
similar Elsterian subglacial features in northern Central Europe, such as tunnel valleys 
(Stackebrandt, 2009) and subglacial mini-basins (Cook and Swift, 2012).  
During the Middle Pleistocene Saalian glaciation, a renewed ice advance was reconstruct-
ed, as was indicated by the ice-marginal deposits near Freden in the Leine valley (Chapter 3). 
Luminescence dating gave ages correlating with MIS 8 to MIS 7 (250±20 to 241±27 ka) and 
MIS 7 to MIS 6 (196±19 to 161±10 ka). So far, an MIS 8 glaciation has only been reported 
from a few sites in the Netherlands, Denmark and Poland (Beet et al., 2005; Hall and Migón, 
2010; Houmark-Nielsen, 2011; Laban and van der Meer, 2011; Marks, 2011; Kars et al., 
2012). Radiofluorescence data from eastern Germany, however, point to a long period without 
glaciations during MIS 9 to early MIS 6 (Krbetschek et al., 2008), disagreeing with the ob-
tained MIS 8 ages in this thesis. If the obtained MIS 8 ages of samples Fre1 and Fre2 had suf-
fered from insufficient bleaching, only one single ice advance could have been reconstructed. 
However, due to the negligible effect of insufficient bleaching, two separate glaciations were 
assumed to have occurred either during MIS 8 and MIS 6 or during early and late MIS 6. The 
former would correspond nicely to data from the Netherlands and Denmark (Beets et al., 2005; 
Houmark-Nielsen, 2011; Kars et al., 2012) as well as from northern Germany where two dif-
ferent tills of the older Saalian Drenthe glaciation were found (Litt et al., 2007; Stephan, 2014).  
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The MIS 12, MIS 10, MIS 8? and MIS 6 dated glacigenic deposits studied in the Leine 
valley therefore provide a first geochronological evidence for the occurrence of two Elsterian 
and two Saalian glaciations in northern Germany. Detailed sedimentological analyses further-
more point to the occurrence of deep proglacial lakes in front of the advancing ice sheets, as is 
indicated by glacilacustrine sediments. These proglacial lakes probably prevented the glaciers 
from advancing further towards the south.  
During climatic changes, fluvial systems have to adapt not only to altered drainage path-
ways but also to changes in vegetation cover, sediment supply, and water discharge. Major 
fluvial aggradation is commonly assigned to cold stages when the absence of vegetation cover 
leads to an increase in sediment supply. Prior to the advancing MIS 6 Drenthe ice sheet, River 
Weser deposited thick braided river deposits on top of interglacial sediments (publication 3, 
Chapter 4). These interglacial limnic and fen peat deposits were correlated with MIS 7c to ear-
ly MIS 6 (Waas et al., 2011). Fading corrected IR50 ages pointed to two major aggradational 
phases, occurring during the Late Pleistocene MIS 5d (100±5 ka) and during the Late Pleisto-
cene (Early Weichselian to Early Pleniglacial) MIS 5b to MIS 4 (77±6 to 68±5 ka). The major 
chronological gap of about 12 ka seems to coincide with a major bounding (erosional) surface, 
which was probably incised during MIS 5c (Winsemann et al., subm.). The geochronological 
results are not generally in accordance with previous interpretations (Rohde, 1989, Rohde, 
1994, Rohde et al., 2012). Although the fluvial deposits overlying the interglacial sediments 
have been proved to be stratigraphically younger (Rohde et al., 2012), they cannot be interpret-
ed as Younger Middle Terrace deposits (Rohde et al., 2012) based on the obtained lumines-
cence ages. Additional numerical datings need to be performed to verify the determined ages 
and to be able to establish a detailed fluvial depositional model.  
The sedimentary succession of the upper Senne in the Münsterland Embayment was found 
to have been deposited during the Late Pleistocene to Late Glacial, recording climate changes 
for the past about 30 ka. Quartz CAM ages ranged from 29.3±3.2 ka (alluvial plain deposits) to 
25.4±3.6 to 18.7±1.9 ka (alluvial fan deposits) to 19.6±2.1 to 13.1±1.5 ka (aeolian deposits), 
contradicting the results reported by Fehrentz and Radtke (1998, 2001) and Lang and Fehrentz 
(1998). In combination with detailed sedimentological analysis performed by Meinsen et al. 
(2014), the sedimentary succession of the upper Senne resembles fluvial-aeolian deposits from 
the Netherlands and Poland (e.g., Kasse et al., 2007; Zieliński, et al., 2011). Its depositional 
history may have occurred as follows: The warm-cold transition at the end of MIS 3 (~30 ka) 
was marked by the deposition of alluvial plain deposits (Middle to Late Pleniglacial, 
29.3±3.2 ka) which were overlain by alluvial fan deposits, reflecting an overall decrease in 
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water and sediment supply during MIS 2 (Late Pleniglacial, 25.4±3.6 to 18.7±1.9 ka). The 
alluvial fan deposits were bounded by an unconformity which may be correlated with the 
Beuningen Gravel event that is assumed to result from deflation under polar desert-like condi-
tions at the end of the Late Pleniglacial (~17 to 15 ka; Kasse et al., 2007). The uppermost aeo-
lian sandsheet deposits indicate rapidly increasing aridity during the Late Glacial (19.6±2.1 to 
13.1±1.5 ka). Results showed that the alluvial fan systems of the upper Senne quickly respond-
ed to rapidly changing climatic conditions and even small-scale climate variations could be 
reconstructed.  
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• Luminescence dating results of this thesis have shown that the glaciation history of north-
western Germany and northern Central Europe is much more complex and cannot be broken 
down into three major ice advances having occurred during the Middle and Late Pleisto-
cene. One-directional approaches based on solely lithostratigraphy or geomorphology are 
not able to trace and reconstruct climate changes associated with glaciation events in terms 
of (geological) time. For this thesis, the geochronological framework is based on 
monomineralic coarse-grained potassium-rich feldspar and quartz minerals as well as poly-
mineralic fine-grains derived from ice-marginal and alluvial depositional systems in north-
ern Germany. Adequate measurement procedures using different signals and protocols for 
De determination (pIRIR290, conventional IR50, pulsed IR50; double SAR protocol) and 
careful analysis of the determined De values (histograms, radial plots, De(t) plots; CAM, 
MAM-3) gave mostly reliable and robust depositional ages which were systematically dis-
cussed in terms of possible causes for age under- and overestimation. It has successfully 
been shown that luminescence dating is applicable to deposits which may have experienced 
insufficient bleaching conditions prior to deposition, giving final ages that reach back the 
Middle Pleistocene (MIS ≤12). However, some effect of insufficient bleaching and thus 
overestimated ages may not be fully excludable.  
• The Leine valley: Luminescence ages of ice-marginal and fluvial deposits using mostly 
feldspar but also quartz minerals pointed to repeated glaciations during the Middle Pleisto-
cene, which were accompanied by the formation of large proglacial lakes in front of the ad-
vancing ice sheets. For both the Elsterian and Saalian glaciations, at least two ice advances 
each were reconstructed, occurring during MIS 12 (461±34 to 421±25 ka) and MIS 10 
(376±27 to 337±21 ka), and probably during MIS 8? (250±20 to 241±27 ka) and MIS 6 
(196±19 to 161±10 ka). The finding of a possible Saalian MIS 8 ice advance is of remarka-
ble significance because it has not been described before in northern Germany and corre-
sponding dating results have only been reported from Denmark and the Netherlands (Beets 
et al., 2005; Houmark-Nielsen, 2011; Kars et al., 2012). 
• The Weser valley: Maximum depositional ages derived from monomineralic feldspar 
coarse-grains and polymineralic fine-grains pointed to two phases of fluvial aggradation, 
explicitly during the Late Pleistocene MIS 5d (100±5 ka) and during the Late Pleistocene 
(Early Weichselian to Early Pleniglacial) MIS 5b to MIS 4 (77±6 to 68±5 ka). A major 
bounding surface may coincide with the chronological gap of about 12 ka (Winsemann et 
al., subm.). Independent age control, provided by 230U/Th ages reported by Waas et al. 
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(2011), was of tremendous significance and acted as a possible lower age limit for the over-
lying fluvial deposits.  
• The Senne of the Münsterland Embayment: The sedimentary succession under study con-
sists of alluvial fan and aeolian sandsheet deposits (Meinsen et al., 2014), whose geo-
chronological framework was based on both feldspar and quartz minerals. Quartz CAM re-
sults gave the most reliable and precise depositional ages. Alluvial plain deposition started 
at the warm-cold transition at the end of MIS 3 (29.3±3.2 ka) and was followed by an allu-
vial fan deposition during MIS 2 (25.4±3.6 to 18.7±1.9 ka), reflecting an overall decrease in 
water and sediment supply. Polar desert-like conditions at the end of the Late Pleniglacial 
were proved by an unconformity correlated with the Beuningen Gravel event (e.g., Kasse et 
al., 2007) underlying the aeolian sandsheet deposits of Late Glacial age (19.6±2.1 to 
13.1±1.5 ka). High-resolutional datings of the upper Senne deposits showed that the alluvial 
fan systems quickly responded to rapidly changing climatic conditions and are therefore ex-
cellent terrestrial climate archives for the past about 30 ka.  
• The obtained numerical dating results of this thesis can subsequently be considered to form 
part of the basic chronological framework for the glaciation history of northern Germany. 
They need to be supported by additional multidisciplinary studies, at best comprising de-
tailed sedimentological and seismic analyses, carefully handled borehole and outcrop data, 
which are complemented with and chronologically framed by high-resolution luminescence 
datings of the studied successions.  
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